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Matrix for Protein Molecules 
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Dr. Yen Wei (Supervisor) 
 
 
 
 
Transparent, organic-inorganic hybrid mesoporous silica materials have been 
prepared successfully via the acid-catalyzed hydrolysis and cocondensation of 
tetramethyl orthosilicate and various organosiloxanes via the nonsurfactant templated sol-
gel process. The organic groups were attached to the silica matrix via the non-
hydrolyzable Si-C covalent bond and functioned as network modifier. The synthetic 
conditions have been systematically studied and optimized. Nitrogen adsorption and 
transmission electronic microscopy characterizations show that the sol-gel matrices 
obtained after removing the templates possess a three-dimensional network of 
interconnected mesopores. The pore parameters are tunable to some extent by varying the 
template content. 
Several enzyme systems, such as horseradish peroxidase (HRP), glucose oxidase 
(GOx), lipase, alcohol dehydrogenase (ADH) etc. have been immobilized in situ in these 
hybrid mesostructured, or more generally, nanostructured silica matrix. The catalytic 
activity of immobilized enzymes has been assayed and correlated with the 
microstructures of the host silica materials under varied conditions. The enzymes 
encapsulated in the nonsurfactant-templated mesoporous sol-gel materials exhibit 
remarkably higher apparent catalytic activity, from a few-fold to three-orders of 
magnitude greater, than those in the non-templated conventional microporous hosts 
synthesized in the absence of the templates under otherwise identical conditions. Co-
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immobilization of more than one enzyme in the mesoporous host materials has been 
achieved, in which one enzyme’s product is another’s substrate. Protein unfolding and 
refolding in the nanoporous host have been investigated. Thermal stability of enzymes 
were found to improve remarkably in the host materials. 
Nonionic poly(ethylene oxide) copolymer surfactants were also utilized as the 
templates for in situ immobilization of multiple enzymes. To minimize the denaturation 
of the enzyme in methanol which is liberated during the hydrolysis, a low-shrinking sol-
gel process is also adapted to the direct immobilization of organophosphorus acid 
anhydrolase (OPAA). The thus immobilized OPAA showed high resistance to organic 
solvent and is promising as the enzyme-based decontaminant. This study demonstrates 
that the novel sol-gel immobilization methods are versatile in terms of enzymes, available 
templates and matrix chemical compositions, leaving much room for further modification 
and optimization. The optically transparent, biologically doped sol-gel mesoporous 
materials have potential applications in biocatalyst, biosensor devices, etc. 
 1
Preface 
 
Since the discovery of highly ordered M41S family mesoporous molecular sieves 
in 1992, considerable attention has been focused on tailoring the chemical composition of 
these materials via the surfactant templated hydrothermal synthesis. Prior to this thesis 
work, a novel nonsurfactant-templating pathway has been developed in our lab. Removal 
of the template via water/solvent-extraction yields mesoporous silica materials with high 
surface area and pore volume as well as narrowly distributed pores of 2-6 nm. The pore 
parameters can be tuned simply by varying the concentration of the templating 
compounds such as D-fructose, D-glucose, dibenzoyl-tartaric acid, maltose, glycerol, 
cyclodextrin, oligopeptides, agar, etc. The ambient synthesis condition and 
biocompatibility of the template make direct immobilization of several enzymes 
practical.  
The objectives of this thesis study are to extend this nonsurfactant-templated 
pathway to the synthesis of optically transparent, hybrid organic-inorganic silica based 
mesoporous materials and direct immobilization of biomolecules in such materials. To 
obtain a better understanding of the structure-property relationship, the activity of the 
immobilized enzymes is correlated with the pore sizes and functionalities of different 
silica matrix. In Chapter 1, a brief review is given on the mesoporous materials and its 
application as the host matrix for the biomolecules immobilization. In Chapter 2 and 
Chapter 3, a variety of organic-modified mesoporous silica materials based on the co-
condensation of tetramethyl orthosilicate (TMOS) and organosiloxanes are described. 
The synthesis of hybrid mesoporous materials with controllable pore size and pore 
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volume provides us with the means for direct immobilization of enzymes and other 
biologically active species. In Chapter 4, we successfully applied this nonsurfactant-
templated synthesis to the immobilization of horseradish peroxidase (HRP) in the phenyl-
modified hybrid silica materials. The activities of the HRP encapsulated in the 
mesoporous hybrid hosts are significant higher than those in the non-templated 
microporous materials synthesized by the conventional sol-gel process. The thermal 
stability is also greatly enhanced because of the confinement in the nanometer-sized 
cages. In Chapter 5, a multiple enzyme system, glucose oxidase and horseradish 
peroxidase, is co-immobilized in the pure and phenyl-modified mesoporous silica matrix, 
nonionic PEO surfactant is used as template under room temperature. The co-
immobilized enzymes showed enhanced thermal stability and fast response to the β-D-
glucose substrate within few seconds.  
In Chapter 6, organophosphorus acid anhydrolase (OPAA), an enzyme which can 
catalyze the hydrolysis of the toxic organophosphate, is immobilized in the mesoporous 
silica matrix to develop a enzyme-based decontaminant in chemical warfare. An adapted 
low-shrinking sol-gel process is employed to minimize the denaturation of the OPAA in 
methanol liberated during the sol-gel process. The immobilized OPAA has a higher 
remaining activity and resistance to organic solvents than free OPAA in solution. Overall, 
this novel templated immobilization is versatile in terms of enzymes, templates, and 
chemical compositions of the silica matrix. The optically transparent, bioactive materials 
have numerous potential applications as biocatalyst and biosensor for target molecules.  
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Chapter 1 An Overview of the Organic-Inorganic Mesoporous Silica Materials and 
their Application as Host Matrix for Protein Molecules 
  
1.1. Introduction 
Porous materials are used as adsorbents, catalysts and catalyst supports owing to 
their high surface areas and large pore volumes. Depending on the predominant pore size, 
the porous materials are classified by IUPAC into three classes:1 (1) microporous, having 
pore sizes below 2.0 nm, (2) macroporous, with pore sizes exceeding 50.0 nm, and (3) 
mesoporous, with intermediate pore sizes between 2.0 and 50.0 nm. Well known 
members of the microporous materials are the zeolites which have the pore sizes in the 
range of 0.2-1.0 nm, they provide excellent catalytic properties by virtue of their 
crystalline aluminosilicate network. However, their applications are limited by the 
relatively small pore sizes. Thus, mesoporous materials with larger pores and well-
defined pore structure remain an active and demanding research area.  
In 1992,2 Mobil researchers disclosed the first family of highly ordered 
mesoporous molecular sieves M41S (pore size in the range 2-10 nm), where long chain 
cationic surfactants were used as the template or pore forming agents during the 
hydrothermal sol-gel synthesis.3 Depending on the starting materials and varying 
synthesis condition, different mesoporous silica oxide with ordered structure in the form 
of hexagonal (denoted as MCM-41),4-15 cubic (denoted as MCM-48)5-12 and lamella 
(denoted as MCM-50),12-14 were formed (see Figure 1-1). Liquid-crystal templating 
(LCT) mechanism was proposed by Beck et al.4 to explain the formation mechanism of 
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MCM-41 (see Figure 1-2). Since then, many synthetic routes and strategies have been 
developed to yield a wide diversity of materials of various frameworks with different 
chemical compositions and pore structures. In our laboratory, a novel nonsurfactant 
template (i.e. small organic molecules) pathway to synthesize mesoporous silica materials 
has been developed.16 Direct immobilization of enzymes and other biomolecules in this 
templated mesoporous materials showed high enzymatic activities and improved thermal 
stability.17 In the following sections, I will briefly review the previous work on the 
templated-mesoporous silica materials, organic-inorganic hybrid materials and 
immobilization of enzymes and other biomolecules in the porous inorganic materials via 
the sol-gel process. 
 
1.2. Sol-Gel Process 
The sol-gel process is a versatile solution process initially used for the preparation 
of inorganic materials such as glasses and ceramics of high purity and homogeneity. It 
involves the transition of a system from a liquid “sol” into a solid “gel” phase and has 
been the subject of several books and reviews.3,18 The sol-gel process can ordinarily be 
divided into the following steps: forming a solution, gelation, aging, drying, and 
densification. In the preparation of a silica glass, one starts with an appropriate alkoxide, 
tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS), which is mixed with 
water and a mutual solvent, such as ethanol or methanol, to form a solution, hydrolysis 
leads to the formation of silanol groups Si-OH. These species are only intermediates as 
they react further, i.e. condense, to form siloxane Si-O-Si groups. As the hydrolysis and 
condensation reactions continue, viscosity increases until the “sol” ceases to flow and 
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form the “gel”. The overall reactions leading to the formation of a silica gel starting from 
TMOS are: 
 
Si(OCH3)4 + 4H2O  Si(OH)4 + 4CH3OH    (1-1) 
nSi(OH)4     nSiO2 + 2nH2O     (1-2) 
 
There are several parameters which influence the hydrolysis and condensation 
reactions (sol-gel process), including the activity of metal alkoxide, water/alkoxide ratio, 
solution pH, temperature, and nature of the solvent and additive. Another consideration is 
that catalysts are frequently added to help control the rate and the extent of hydrolysis. By 
varying these processing parameters, materials with different microstructure and surface 
chemistry can be obtained. Further processing of the "sol" enables one to make ceramic 
materials in different forms.  Thin films can be produced on a piece of substrate by spin-
coating or dip-coating.  When the "sol" is cast into a mold, a wet "gel" will form.  With 
further drying and heat-treatment, the "gel" is converted into dense ceramic or glass 
particles.  If the liquid in a wet "gel" is removed under a supercritical condition, a highly 
porous and extremely low density material called "aerogel" is obtained.  As the viscosity 
of a "sol" is adjusted into a proper viscosity range, ceramic fibers can be drawn from the 
"sol".  Ultra-fine and uniform ceramic powders are formed by precipitation, spray 
pyrolysis, or emulsion techniques. For the detailed sol-gel process, please refer to Figure 
1-3.19 
Sol-gel process is one of the most active and promising areas of ceramic research. 
Its ambient processing conditions enable one to encapsulate numerous organic, 
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organometallic, and biological molecules within these sol-gel derived inorganic matrixes. 
Sensor technology is perhaps the field with highest commercial potential for these 
materials, since they combine the mechanical strength, transparency in the visible, high 
porosity and surface area of gel-derived oxides. Sol-gel is also an effective way and is 
extensively utilized to design and synthesize inorganic-organic hybrid materials with 
nanometer-scale architecture. Even the hybrid materials thus prepared are comprised of 
components having very different refractive index, they are often optically transparent 
due to small scale lengths over which phase separation may exist. As a result, these 
hybrid materials can find applications in many fields which are far beyond the scope of 
application of traditional composite materials. Tremendous progress in both fundamental 
understanding of the sol-gel process and the development of new organic-inorganic 
hybrid materials have been made and extensively reviewed.20 
 
1.3. Templated Mesoporous Materials 
 
Traditional sol-gel materials synthesized without the addition of the templates 
often resulted in microporous materials when dried in air (denoted as xerogels).3 The 
discovery of the M41S series ordered mesoporous materials in 19922 has drawn great 
interests because they are promising as catalyst in their own right and also proved to be of 
useful as catalyst support, separation medium, and host material for inclusion 
compounds. Since then, numerous mesoporous or nanoporous silicate and other metal 
oxides with narrowly distributed pore diameters of 2-50 nm have been prepared through 
various synthetic routes and strategies to contain a wide diversity of materials of various 
framework chemical compositions and pore structures.2,4-15 In most of the studies, 
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charged (cationic and anionic) and neutral surfactants have been employed as templates, 
which direct the mesophase formation based on the electrostatic interaction9 and 
hydrogen-bonding interactions,5 respectively. The synthesis, stabilization, modification, 
application, structure characterization, mechanistic study, structural simulation and 
computational modeling of the ordered molecular sieves have been extensively studied 
and reviewed.20 
Ionic surfactant template. According to Mobil’s technology, long-chain 
quaternary ammonium surfactants minimize their energy in solution by assembling into 
micelles.4 Under certain conditions these micelles can adopt a rod-like shape and even 
organize into long-range hexagonal arrays with the charged head groups pointing toward 
the solution and the long hydrocarbon chains (hydrophobic) pointing toward the center of 
the micelles. The ability of the long-chain quaternary ammonium cations to form rod-like 
micelles and long-range hexagonal arrays in aqueous solutions (with rod diameters in the 
mesoporous range 2.0 to 4.0 nm) has been known for a very long time after the 
pioneering work of Luzzati.21  The formation of the micellar rods and their organization 
into hexagonal arrays is strongly dependent on the surfactants’ alkyl chain length, 
concentration, the nature of the halide counter-ion, and temperature of the solution 
(Figure 1-320). Upon the addition of a silicate precursor, for example, sodium silicate, the 
negatively charged silica species (I-) condense and polymerize on the surface of the 
positively charged micelles (S+), giving rise to the corresponding hexagonal S+I- organic-
inorganic complex. The calcination of the complex revealed the hexagonal solid 
framework of this particular mesoporous molecular sieve (denoted MCM-41). A number 
of mechanistic pathways have been proposed to account for the formation of ordered 
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nanophase structures in the form of hexagonal, cubic or lamella found in these materials 
from varied starting materials under different reaction conditions. 
Ionic surfactant templating pathways to ordered mesostructures use assemblies of 
charges surfactant ions (S+ or S-) as templates to organize an inorganic framework from 
charged inorganic oxide precursors (I- or I+). These charged templates are usually 
expensive, strongly bonded to the charged inorganic framework, and difficult to recover. 
In general, the electrostatically bonded templates are removed from the framework of S+I- 
MCM-41 materials by either a calcination process or by an ion-exchange reaction with an 
ion donor solution. Also, electrostatic templating affords as-synthesized MCM-41 
materials with a relatively low degree of framework cross-linking and small framework 
wall thickness. This seriously influences the thermal and hydrothermal stability of these 
molecular sieves. As a consequence, the materials often have limited thermal and 
chemical stability as evidenced by significant pore contraction or even structure collapse 
during calcination in which further condensation of silanol groups occurs. It is also 
demonstrated that MCM-41 materials with thicker pore walls show a greater thermal 
stability when the wall thickness increases from 0.4 to 1.6 nm. However, MCM-41 and 
the analogues have great potentials in practical applications owing to their large surface 
areas and pore volumes, along with ordered arrangement of uni-dimensional pores much 
greater than zeolites. It is expected that the large pores of mesoporous materials may 
alleviate, if not eliminate, the internal diffusion limitation of mass transport in the matrix 
and result in an improved reaction rate.  
Neutral surfactant templates. Mesoporous materials prepared in the presence of 
neutral surfactants as the template usually have improved stability.22a In case of primary 
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amine (with carbon tail lengths between C8 and C18) as templates, the pore size of the 
final mesoporous silicas (designed as HMS) may be adjusted by changing the 
hydrophobic tail length of amines. It is proposed that hydrogen bonding interactions and 
self-assembly between neutral primary amine micelles (So) and neutral inorganic 
precursors (Io) directs the formation of mesophases. The template can be removed by 
solvent extraction. The mesoporous materials have greater wall thickness (1.7-3.0 nm) 
due to the absence of electrostatic or charge-matching effects and thus higher thermal 
stability than M41S materials. However, the materials exhibit only short range hexagonal 
ordering. The high cost and toxicity of amines also limit their use in large-scale 
production.  
Polyethylene oxide (PEO) surfactants are a convenient alternative to primary 
amines and has demonstrated advantageous in solving the problems of ionic surfactant, 
since the PEO surfactants are neutral, nontoxic, and biodegradable.22b-e In this SoIo 
templating pathway, hydrogen bonding interactions between the hydrophilic surfaces of 
flexible rod- or worm-like micelles and intermediate hydrolysis products are postulated to 
be the driving force in the formation of the mesophases. The pore size of the materials 
(designated as MSU) can be tuned by varying the length and structure of the surfactant 
molecules. This approach allows for the preparation of mesoporous molecular sieves with 
large framework wall thickness, small particle sizes, and complementary framework-
confined and textural mesoporosity. In addition, SoIo approach allows for cost reduction 
by employing less expensive reagents and mild reaction conditions while providing for 
the effective and environmentally benign recovery and recyclability of the template. 
However, the resultant MSU possess disordered channel structure, which is in contrast to 
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the long-range hexagonal arrangement of mesopores in MCM-41 molecular sieves. 
Recently, A family of highly ordered mesoporous (2-30 nm) silicas with large wall 
thickness values of 3.1-6.4 nm have been synthesized by using alkyl PEO oligomeric 
surfactants and poly(alkylene oxide) block copolymers as templates catalyzed by strong 
acid. The use of PEO copolymers as templates now has led to inorganic materials with 
pore diameters extending from mesoporous to macroporous range. 
Neutral nonsurfactant templates. The above mentioned mesoporous solids are 
prepared using complex surfactant assemblies as templates. Prior to this work, our group 
has developed a novel, low-cost, environmental friendly, biocompatible nonsurfactant-
templating pathway16 to synthesize the mesoporpous silica materials, where nonsurfactant 
organic compounds, such as D-glucose, D-fructose, D-maltose, dibenzoyl-L-tartaric acid 
etc. were employed as the templates in directing the mesostructure formation during the 
gelation of silicates, removal of the template by the ambient solvent extraction yielded 
mesoporous silica materials. The thus-synthesized mesoporous silica materials have large 
pore areas ~1000 m2g-1 and pore volumes ~1.0 cm3g-1 and narrowly distributed pore 
diameter around 20-60 Å. These pore parameters can be tuned by varying the template 
concentration to a certain extent. Unlike the M41S but very similar to the MSU-1 (i.e., 
PEO-templated) silicas, the channels are not highly ordered but have good thermal 
stability.16c Direct encapsulation of biomolecules in this templated mesoporous silica 
materials showed high enzyme activity and improved thermal and operational stability.17  
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1.4. Organic-Inorganic Hybrid Mesoporous Materials 
Typical advantages of organic polymers are flexibility, low density, toughness, 
and formability whereas inorganic ceramics have excellent mechanical and optical 
properties such as surface hardness, modulus, strength, transparency, and high refractive 
index. Introduction of organic moieties within the silicate framework may increase the 
flexibility of mesoporous films and fibers and reduce the brittleness of monoliths. If these 
materials can be combined effectively, a new class of high performance or highly 
functional organic-inorganic hybrid materials may be achieved.  
During the past decade, organic-inorganic hybrid materials prepared by the sol-
gel approach have attracted a great deal of attention in materials science. The synthesis of 
hybrid mesoporous silica materials with controlled functionality and hydrophobicity 
could open up new avenues for organometallic chemistry, catalysis, and organic-
inorganic host-guest chemistry.23 The major driving forces behind the intense activities in 
this area are the new and different properties of the nanocomposites which the traditional 
macroscale composites and traditional materials do not have. For example, unlike the 
traditional composite materials which have macroscale domain sizes of millimeter and 
even micrometer scale, most of the organic/inorganic hybrid materials are nanometers, 
typically 1-100 nm, as the minimum size of the components or phases. Therefore, they 
are often still optically transparent materials although microphase separation may exist.  
Based on the structural distinction, Sanchez and Ribot classified the organic-
inorganic hybrid materials into two classes:24 Class I corresponds to hybrid systems in 
which weak interactions such as van der Waals forces and hydrogen bonds or 
electrostatic interactions are created between organic and inorganic phases. Class II 
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corresponds to hybrid organic-inorganic compounds where both organic and inorganic 
components are bonded through strong covalent chemical bonds. Hybrid materials made 
in this way are termed creamers (ceramic polymers), ormosils (organically modified 
silicates) or ormocers (organically modified ceramics).24 Through the combinations of 
different inorganic and organic components in conjunction with appropriate processing 
methods, various types of primary and secondary bonding can be developed leading to 
materials with unique combination of properties which cannot be achieved by other 
materials.  
Since the discovery of the MCM-412,5 type ordered mesoporous silica materials, 
considerable attention has been focused on tailoring the chemical composition of these 
materials to increase their potential for electrical, optical, structural, or related 
applications. This could be accomplished either by post-synthesis grafting or direct co-
condensation of tetraalkoxysiloxane and one or more organoalkoxysilanes through the 
sol-gel process.8  
Organic functionalization of silicates permits precise control over the surface 
properties, modification of the hydrophilic/hydrophobic of the surface, alteration of the 
surface reactivity, protection of the surface from attack, modification of the bulk 
properties of the materials and at the same time stabilizing the materials towards 
hydrolysis.23-36 For example, mesoporous silica having surfaced bonded thiol groups 
showed high adsorption for heavy metals such as Hg2+, Ag+ ions from contaminated 
solutions.25 Sulfonic acid groups grafted mesoporous materials exhibited high catalytic 
activity for selective formation of bulky organic molecules.26 Porous silica gel particles 
bonded with: alkyl, phenyl, amines, nitro, nitrile, diol, sulfonates made a tremendous 
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impact in separation science by high performance liquid Chromatography.26 Ordered 
mesoporous anionic-exchange resins8 functionalized with N-trimethoxysilylpropyl-
N,N,N-trimethylammonium chloride (TSPMC) were synthesized by co-condensation, 
these materials demonstrated higher efficiency and stability over the organic anionic-
exchange resins, which all have the associated drawbacks like (1) instability in harsh 
chemical environments, (2) surface areas are too small, and (3) hydrophobicity of 
polymer backbones. For complete review of hybrid organic-inorganic mesoporous 
silicates, synthesized under surfactant template, please see reference 8a. 
In the post-synthesis grafting method, the surface of the pre-fabricated inorganic 
mesoporous materials is reacted with organosilane coupling reagents through the surface 
silanol groups. The original structure of the mesoporous matrix is usually maintained 
intact. The co-condensation method, also called “one-pot” synthesis, is currently the most 
common and direct synthesis route to the introduction of the organic groups into the silica 
network.26-32 It provides better control over the amount of organic groups incorporated 
into the matrix and ensures the uniform surface coverage with organic groups under mild 
conditions.  
Due to a wide variety of organically modified silicon alkoxides which are 
commercially available from vendors including Aldrich, Fluka, Gelest etc, the use of 
organically modified alkoxysilane precursors for developing new sol-gel-derived hybrid 
materials has been increasing rapidly in recent years. Among all the organosiloxanes, 
trifunctional alkoxysilanes, R’Si(OR)3, offer many advantages for basic or applied 
research in such fields as optics, catalysis, selective membranes, molecular recognition, 
sensors, or molecular imprinting.23-36  
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The organic group R’ can have different functions and generally acts as a network 
modifier.31,32 In this case, R’ groups can be a simple organic group such as alkyl or aryl 
groups. CH3Si(OR)3 is often used to provide some hydrophobic character to a silica 
matrix or to modify its mechanical properties. After hydrolysis and condensation, each Si 
remains bonded to a methyl group, and thus the gel network is less rigid since the degree 
of cross-linking of the oxide network decreases. Highly porous coatings have been 
prepared recently at ambient pressure without the need of supercritical drying.29 Phenyl 
siloxanes are sometimes preferred to methyl siloxanes, to increase the thermal stability, 
glass transition temperature, or refractive index. Moreover, they can also act as a 
prestructured starting material for further chemical modifications.26 For instance, after 
sulfonation of the phenyl-containing silicas, solid ion exchangers can be readily obtained, 
which have many advantages over conventional polymeric sulfonic acids, including high 
surface area, controllable pore size, mechanical stability, as well as reduced swelling or 
contraction upon ion exchange. Alkyltrimethoxysilanes with various alkyl chain lengths 
(CnH2n+1-Si(OMe)3; CnTMS, n=6, 8, 10, 12, 14, 18) have been known to form 
spontaneously organized assemblies based on the amphiphilic nature of hydrolyzed 
species containing both hydrophilic silanol groups and hydrophobic alkyl groups, by 
cohydrolysis and polycondensation of the CnTMS and TMOS, Shimojima et al. 
synthesized layered, transparent nanocomposite film which was thermally stable even at 
170 °C.32 It opens the possibility of structural and morphological variations of hybrids by 
utilizing both the molecular-assembling property of long-chain alkyltrialkoxysilanes and 
the network-forming ability of tetraalkyloxysilanes. 
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R’ can also be a functional group used to bring some new property to the oxide 
matrix, R’ being an organic chromophore are now currently used to bring optical 
properties into hybrid photonics materials. Several studies show that the optical response 
increases significantly when the organic dye is covalently bonded in class II hybrid sol-
gel matrix rather than simply embedded within an oxide network. An ordered organo-
SiO2-surfactant mesophase containing a covalently-linked chromophore was synthesized 
with MCM-41-type architecture by template-directed co-condensation of 
tetraethoxysilane and 3-(2,4-dinitrophenylamino)propyl(triethoxy)silane.35   
Polymerizable organic groups R’ can also be used with trifunctional silocon 
alkoxides R’Si(OR)3. They then behave as network formers so that an organic network is 
formed together with the oxide network. Most common polymerizable function groups 
introduced so far into hybrid silica matrix are vinyl, epoxy or methacrylate groups.8a,36 
Organic polymerization of R’ is induced by photochemical or thermal curing before or 
after the sol-gel reaction.  
 
1.5. Sol-Gel Immobilization of Biomolecules 
The critical significance of bioimmobilization is evident from the fact that many 
commercial bioprocesses rely on immobilized catalysts and process economy demands a 
repeated use of biocatalyst. A broad variety of immobilization techniques have been 
applied, including adsorption to solid supports, covalent attachment, and entrapment in 
polymers. In general, adsorption techniques are easy to perform, but the bonding of the 
enzyme is often weak and such biocatalysts lack the degree of stabilization which is 
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possible by entrapment or covalent attachment. On the other hand, the covalent 
techniques are tedious and often require several chemical steps. 
Recently, chemically inert sol-gel materials with negligible swelling effects, 
tunable porosity and high purity have emerged as a new class of host matrices that are 
well suited for immobilization of biomolecules under room temperature (or low 
temperature) conditions. It has drawn great interest in recent years for potential 
applications in bioorganic synthesis, biocatalyst, biosensor devices etc.39 Compared to 
other prevalent methods of immobilization, such as embedding in plastic matrices or 
attachment by adsorption or by covalent bond formation to the surfaces of the porous 
materials, sol-gel derived glasses have many advantages which are listed below: 40,43 
• Controllable surface area, average pore size, pore size distribution; 
• Thermally stable, much beyond the range of temperatures which are of relevance 
for organic molecules; 
• Do not photodegrade and, in the case of SiO2 matrices, are not involved in light-
induced reactions with the matrix; 
• Can be transparent well into the UV (~250 nm for SiO2), and are highly suitable 
for optical applications; 
• Allow control of conductivity, through the choice of the metal or metal alkoxide; 
• Open to a wide variety of chemical modifications, through the choice of the 
metals and semimetals, through the use of non-polymerizable substituents and 
through the use of copolymerizations (Ormosils); 
• Enhance the stability of the encapsulated molecules, by virtue of the rigidity of 
the cage; 
17 
• Prevent leaching of proteins due to the effective caging; 
• Easily obtained in variety of forms: monoliths, thin films, fibers, powders, etc. 
Nevertheless, a few factors associated with the current sol-gel immobilization still 
severely hinder its practical applications in industry. First, there is the well-known 
problem of the ceramics, namely, their brittleness; second, the narrow-pore network 
imposes limitations on the rate of chemical interactions, especially in macroscopic 
monolith; third, the narrow-average-pore size does not allow yet the interaction with 
large (bio) substrates; and fourth, although enzymes are firmly encapsulated without 
leakage, for some small encapsulated molecules leachability is yet to be improved. It 
should be noted, however, that all of these disadvantages are solvable, and intensive work 
is being carried out by us and many other groups in these directions.39a  
It has been recognized that the apparent activity of an immobilized enzyme is 
often limited by internal diffusion of the substrate within the pores of the host matrix.39-41 
In the classical sol-gel process, the final dried silica gels are microporous because of 
syneresis and partial pore collapse during the sol-gel reactions. The pore parameters of 
biologically-doped sol-gels are not readily controllable by manipulating synthesis 
conditions or using post-synthesis treatments. Upon immobilization, the encaged 
biomolecules are hardly accessible sometimes,42 resulting in low remaining activity.  
MCM-41 type ordered mesoporous molecular sieves are among the ideal host 
matrices for immobilizing enzymes. However, due to the harsh reaction conditions 
involved in the hydrothermal synthesis (~75 to ~180 °C for several hours to several 
days4) that most biomolecules can hardly survive, to date no direct immobilization of 
biologically active substances in such materials has been reported.17,44  
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Although some modifications and progress have been made to improve the 
retention of biological activity, sol-gel immobilization still remains essentially a trial and 
error process. Therefore, it is highly desirable to develop a fast, straightforward, efficient 
and general synthesis approach for encapsulation of enzymes in stable sol-gel matrices 
with high remaining activity and without leaching. 
Some attempts trying to overcome the shortcomings of conventional 
immobilization include substituting the commonly used metal alkoxides, e.g., tetramethyl 
orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS), with other sol-gel precursors,43 
using inorganic-organic hybrid host matrices,45-47 stabilizing the protein before 
encapsulation by co-immobilizing ligands, and etc.43 It is noteworthy that a variety of 
proteins and cells were recently encapsulated with high remaining activities within sol-
gel materials having relatively large mesopores.43 In the synthesis, modified sol-gel silica 
precursors, namely polyol esters of silicates and siloxanes, instead of silicon alkoxide 
TMOS or TEOS, were used. However, the high activities were obtained at the cost of 
remarkable dopant leaching and unsatisfactory matrix mechanical stability, due probably 
to the high porosity of the matrices with large mesopores of ~10-17 nm with broad 
distributions.43 
Some other synthesis routes to mesoporous sol-gel materials employing 
biocompatible templates and relatively mild reaction conditions may be adapted for 
enzyme immobilization purpose. Previous work in our laboratory has shown that neutral 
nonsurfactant organic compounds, such as D-glucose, and D-fructose, D-maltose and 
glycerol can be used as pore-forming agents or templates in the synthesis of mesoporous 
silica materials via the modified sol-gel reactions.16 This novel synthesis route has been 
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further developed for direct immobilization of enzymes such as alkaline phosphatase, 
acid phosphatase, horseradish peroxidase and lipase in these mesoporous silica host 
matrices. The immobilization was achieved by mixing the biomolecules and the template 
together with pre-hydrolyzed silica precursor, TMOS, to form a homogeneous sol. After 
gelation, aging and drying in room temperature, transparent monolithic solids were 
obtained. The template, e.g., glucose, was readily removed from as-synthesized 
composites via water extraction at room temperature. Meanwhile, the relatively large 
protein macromolecules could not diffuse out of the silica cages during extraction and 
effectively entrapped in the interconnected channels or mesopores of the silica matrix 
arising from the removal of the glucose. Enzymes immobilized within glucose-templated 
mesoporous silica matrices exhibited remarkably higher (three orders) catalytic activities 
than the enzymes immobilized in the non-templated microporous silica host. The 
experimental results have clearly demonstrated that the apparent activities of immobilized 
enzymes are closely related to the pore parameters of the host matrices. The enhancement 
in activity can be attributed to the increase in internal diffusion of small substrate and 
product molecules and in accessibility of the enzyme molecules.17 
For a number of different sol-gel immobilized enzymes, activities of 30% to 
100% relative to the non-immobilized form have been obtained.39 However, this 
approach fails in the case of lipase immobilization, which showed only 5% remaining 
activity even the process has been optimized to preserve the labile enzymes.47 Lipases are 
among the most widely used enzymes in organic chemistry and have proven to be 
versatile and efficient biocatalysts which can be used in a broad variety of esterification, 
inter-esterification, and ester hydrolysis reactions.50-51 Due to the high chemo-, regio- and 
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stereoselectivity, the search for efficient methods of immobilization of lipases has 
emerged as an important field of interest, because process economy demands a repeated 
use of the biocatalysts. Traditional silica matrix are highly hydrophilic, as there are a lot 
of surface silanol groups. Lipase is a kind of lipophilic enzyme, so modification of the 
hydrophobicity of the traditional silica matrix could provide a way to alleviate this 
problem. By introducing the alkyl groups into the silica matrix via the co-condensation of 
the TMOS and alkyl-substituted (methyl, propyl) silanes in the presence of additives like 
polyvinyl alcohol, Reetz et al.47 reported a dramatically increased lipase activity in an 
organic medium relative to the use of suspensions of the same catalysts under otherwise 
identical conditions (up to 8800%). One likely reason for the unusually high relative 
enzyme activity is the fine distribution and therefore increased accessibility of the 
enzyme.47b The observed “alkyl effect” could also be intrinsic during the formation of the 
gel, possibly by a smaller damaging effect to the enzyme by the hydrophobic silane 
monomers. It was also speculated that the hydrophobic groups R in the sol-gel matrix are 
involved in stabilizing and activating interactions with the hydrophobic domains of the 
lipases.47c An increase in activity caused by local rise in substrate concentration in the 
hydrophobic matrix is also conceivable. The thus-immobilized heterogeneous 
biocatalysts have been applied successfully to the production of enantiomerically pure 
compounds.49-51  
Although immobilization of lipase seemed successful, other enzymes, such as β-
glucosidase, immobilized in the same hybrid matrix gave low remaining activity.47 
horseradish peroxidase (HRP) encapsulated in different organically-modified silica 
matrices exhibited varied enzyme activities.52 This might arise from the fact that the 
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organic-modified materials synthesized without template were opaque fine particles with 
virtually little or no porosity.  
Our hypothesis was that organically modified mesoporous materials would be a 
better host than conventional microporous or mesoporous sol-gels for lipophilic 
biomolecules. Since both porosity and hydrophobic microenvironment of the sol-gel 
matrix are needed for the mass transportation of the reactant and products of the bio-
catalyzed reaction. The objective of this study was to synthesize and characterize the 
transparent, organically modified mesoporous silica. Organic-modification was achieved 
by hydrolysis and co-condensation of TMOS with organosiloxanes with different 
functionalities under mild conditions, like room temperature and near neutral pH. Both 
nonsurfactant pore forming agent, fructose, and PEO surfactant was used as the template. 
Several enzyme systems, either single or multiple were immobilized in these organic-
modified silica matrix, the effect of the pore size and volume on the activity and stability 
of the enzymes were investigated in order to obtain a better understanding of the 
structure-property relationship.  
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Figure 1-1. Three structure types observed for silica-surfactant mesophases: (a) MCM-41 
(Hexagonal, 1-d); (b) MCM-48 (Cubic, bicontinuous, 3-d); (c) MCM-50 (Lamellar, 2-d)2 
In each type there is a periodic arrangement of pores (or layers), but the inorganic walls 
(or sheets) are amorphous. All these materials have narrow pore size distributions and 
high surface areas. 
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Figure 1-2. Schematic of the liquid-crystal (LCT) mechanism based on the assembly of 
dissolved silica sources around surfactant arrays. In path 1, surfactant liquid-crystal 
phase, H1, exists in solution and serves as the template (c = H1). Silicate species are 
deposited between surfactant tubules and then condense to form the inorganic network. In  
path 2, the interaction of silicate species with the surfactants mediates the hexagonal 
ordering (c < H1).4 
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Figure 1-3. Schematic phase diagram for cationic surfactant, CH3(CH2)15N(CH3)3+Br- 
(C16TMABr) in water.20  c < CMC1, the surfactant is present as free molecules dissolved 
in solution; CMC1 < c < CMC2, surfactants in the form of spherical aggregates 
(micelles); CMC2 < c < LC, spherical micelles coalesce to form elongated cylindrical 
micelles; c = LC, liquid-crystalline (LC) phase form. Initially, rodlike micelles aggregate 
to form hexagonal close-packed LC arrays, then cubic bicontinuous LC phases form 
followed by LC lamellar phases. 
30 
 
 
 
 
 
 
 
Figure 1-4. Sol-gel process and their products.19 
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Figure 1-5. Organic modification of the mesoporous silicate. (a) post-synthesis grafting, 
(b) co-condensation.8 
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Chapter 2 Synthesis of Nonsurfactant-Templated Hybrid Mesoporous 
Sol-Gel Materials 
 
2.1. Introduction 
Since the discovery of the MCM-411-8  (hexagonal symmetry) and MCM-482-9 
(cubic symmetry) ordered mesoporous silica materials, considerable attention has been 
focused on tailoring the chemical composition of these materials to increase their 
potential applications as catalyst, catalyst support, separation medium, and host material 
for inclusion compounds. Several routes, including intercalation of inorganic heteroatoms 
(Al, Ti, V, Zr),10-11 post-synthesis grafting12 of reactive fragments (such as metallocene 
derivatives and organic functionalities) via reaction with the pendant silanol groups of 
pre-formed silicas, can be used to the preparation of catalytically-active, ordered 
mesoporous materials. Currently, the most common and direct synthesis route to the 
introduction of organic groups into silica network in sol-gel chemistry13 involves the co-
condensation of mixtures of siloxane and organosiloxane.14-15 In these materials, an 
organic moiety is covalently linked to siloxane species via a non-hydrolyzable Si-C 
covalent bond.  
For several potential technical applications, such as chromatography, sensors, or 
immobilization of enzymes or metal complexes, solids with reactive sites at their inner 
surface, not just porous inorganic materials, are required. As a consequence, a controlled 
processing of inorganic precursors in the presence of functionalization agents is 
necessary to achieve both tailored microstructure and porosity and a deliberate 
positioning of the reactive sites.  
33 
The sol-gel process is a powerful approach to the preparation of organically 
modified inorganic materials with a tailored microstructure. The main advantage of co-
condensation of TMOS/TEOS with organosiloxanes is the feasibility of obtaining a wide 
range of organically modified hybrid silica materials under mild reaction temperature and 
pressure without macroscopic phase separation.16 Moreover, the transparency of matrices 
makes them suitable for anti-abrasive coatings and optical detection of colored 
compounds. Considerable literatures have described the use of organotrialkoxysilanes, 
organodisilicates, and polysiloxanes for the development of novel sol-gel derived hybrid 
materials.16-17 While the early developments of the sol-gel process were mainly based on 
simple, readily available precursors, the huge potential of new precursors chemically 
tailored for special applications is more and more realized. Among all the 
organosiloxanes, trifunctional alkoxysilanes, R’Si(OR)3, are the most commonly used 
precursors to introduce organic groups into silica matrix because a variety of such silanes 
are commercially available. The hybrid materials offered many advantages for basic and 
applied research in such fields as optics, catalysis, selective membranes, molecular 
recognition, sensors or molecular imprinting etc.18-34 In this work, we focused on the 
hybrid material derived from the co-condensation of the TMOS/TEOS with trifunctional 
alkoxysilanes. 
The chemistry of the sol-gel process of various kinds of organosiloxanes has been 
investigated by FT-IR, Raman spectra, 29Si, 17O, 1H NMR and many other methods.35-43 
Hydrolysis and condensation of pure trialkoxysilanes, R-Si(OR’)3, generally leads to the 
formation of silsesquioxane oligomers and polymers.35 Systematic study of the ability of 
pure trialkoxysilanes (where R is H, methyl, ethyl n-propyl, iso-propyl, n-butyl, t-butyl, 
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n-octadecyl, n-dodecyl, cyclohexyl, vinyl, phenyl, benzyl or phenethyl) to form gels 
through the sol-gel process has been conducted by Rao and co-workers35 under various 
catalysts (HCl, NaOH, formic acid, fluoride). 29Si-NMR revealed that hydrolysis and 
condensation occurs in most of these systems, but soluble resins are favored rather than 
gel-forming network polymers. Aryl substitutents (phenyl, benzyl, and phenethyl) also 
formed resinous oligomers with molecular weight under 10K.  
Raman spectroscopic analysis of the sol-gel processing of RSi(OMe)3/TMOS 
mixture by Schubert and his co-workers showed these systems perform a two-step 
hydrolysis and condensation reaction.36 The spatial distribution of the various Si units in 
the final gel network depends on the chemical reactivity of the starting monomeric 
precursors, and will strongly influence the properties, like mechanical strength, 
hydrophobicity, of the final materials. 
Various organically modified siloxane precursors, including simple alkyl(methyl, 
ethyl, propyl, butyl, cyclohexane),28 aryls(phenyl, benzyl, phenethyl),25 long alkyl chain 
(CnH2n+1Si(OMe)3; CnTMS, n=6,8,10,12,14,18)29-30 or functional organic groups31-32 had 
been investigated by hydrolysis and co-condensation with TMOS or TEOS under either 
acid or base catalysis. At low level of organosilane, and particularly when MTMS is 
used, it is possible to prepare optically transparent, durable, organic-inorganic hybrid 
materials.  
The replacement of Si-OH groups by hydrolytically stable Si-CH3 groups inhibits 
the adsorption of water and, therefore, results in hydrophobic aerogels that will be not be 
affected by moisture. One interesting thing is that the stability of porous gels under 
higher temperature was improved by the incorporation of methyl groups followed the 
35 
pyrolysis in inert atmosphere.24 Long-chain alkyltrialkoxysilanes has been known to form 
spontaneously organized assemblies based on the amphihilic nature of hydrolyzed species 
containing both hydrophilic silanol groups and hydrophobic alkyl groups. 
Cocondensation of TMOS and alkyltrialkoxyswilanes with long-chain alkyl groups of 
C12-C18 yields a new class of organic derivatives of inorganic layered materials.29 
Organic-inorganic hybrid materials based on (3-glycidoxypropyl)trimethoxysilane 
(GPTMS) have several important applications, such as anitscratch coatings, contact lens 
materials, passivation layers for microelectronics, multifunctional coatings and optical 
devices.32  
Porous silica gel particles bonded with alkyl, phenyl, amines, nitro, nitrile, diol, 
sulfonates, quaternary ammonium groups made a tremendous impact in separation 
science by high performance liquid chromatography. Porous hybrid thin films, especially 
those with interconnected micropores, have been of great interest in preparation of 
selective membranes.30 Successful example of organic-modified silica matrix as the host 
for the enzyme immobilization was achieved by Reetz44-46 and co-workers, where lipases 
immobilized in methyl and n-propyl modified silica matrix exhibited much higher 
activities (enhanced by a factor of 88 in the case of PTMS:TMOS=5:1) than the free 
lipase in catalyzing the esterification reactions of carboxylic acids with alcohols.  
Although a range of organically modified silicas have been prepared by co-
condensation, most of the above mentioned hybrid materials were prepared under no 
pore-forming agent or templates. Thus, they are either microporous xerogel27 or 
macroporous aerogel obtained by supercritical drying (>240°C, 1155psi).24,28 The 
breakthrough came in 199647 with the first direct synthesis of phenyl-modified MCM-41 
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type silica materials at room temperature by the hydrolysis and co-condensation of TEOS 
and phenyltrimethoxysilane (PhTES) in the presence of cationic surfactant, 
hexadecyltrimethylammonium bromide (C16H33N(CH3)3Br, C16TABr). Acid solvent 
extraction technique was used to remove the surfactant from the product to yield an 
ordered porous silica materials. Water sorption revealed the sample is hydrophobic at low 
relative pressure.49 Pore size determination showed a decrease in pore size with 
increasing organosiloxane content.51  
Since the early work by the research groups of Mann,47-51 Macquarrie,50 Stucky,52 
and Stein,53-59 co-condensation reactions (also called one-pot synthesis) have been used to 
surfactant-templated synthesis under a wide range of reaction conditions. Some common 
criteria in the choice of the co-condensation reaction system include the need to avoid 
phase separation of the precursors to obtain uniform distributions of functional groups 
and need to avoid Si-C bond cleavage during the sol-gel reaction and during surfactant 
removal. Successfully examples of functional groups that had been incorporated into the 
MCM-41 type are summarized in Table 2-1, where different mesophase structures were 
achieved via different template (cationic, neutral amine, or PEO surfactant) pathway. 
Probing the internal pore structure of vinyl-functionalized MCM-41 by bromination 
reaction, Mann and his co-workers confirmed that the vinyl groups are mostly located 
within the internal surface of mesopore channels instead of burying in the silica walls.53  
Although these functionalized mesoporous silicates synthesized via the co-
condensation reactions find extensive applications in heterogeneous catalysis,59-60 
selective absorbents,66 optical,32 and host or reactors for a variety of polymerization 
reactions,67 with few exceptions, they can not be easily adapted to the direct 
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immobilization of labile biomolecules. In surfactant-templated (cationic, anionic or 
neutral surfactants) ordered mesoporous silica materials, the hydrothermal synthesis and 
the following calcination or acidic extraction techniques employed to remove the 
surfactants are too harsh for most biomolecules to survive, so a mild template-route in the 
enzyme immobilization is highly desirable.  
Recently, our group developed a simple, environment friendly, neutral 
nonsurfactant-templated synthetic route to mesoporous sol-gel materials, where 
nonsurfactant organic compounds, such as D-glucose, D-fructose, D-maltose, dibenzoyl-
L-tartaric acid etc. were employed as the templates.68 Removal the template by the water 
extraction yielded mesoporous silica materials. Detailed discussion of this method and its 
application for biocatalyst and biosensors can be found in Chapter 1. In this chapter, the 
primary objective is to extend this neutral nonsurfactant route to the direct synthesis of 
optically transparent, organic-modified hybrid mesoporous sol-gel materials. The simple 
alkyl (e.g. methyl, n-propyl) and aryl (e.g. phenyl)-containing organosiloxanes are chosen 
as the ideal starting materials to investigate the effect of the organic groups on the 
mesostructure of neutral nonsurfactants-templated silica material. The new materials 
were characterized by means of infrared spectroscopy, thermogravimetric analysis, 
nitrogen adsorption-desorption and transmission electron microscopy.  
We believe that with appropriate modifications in the synthesis protocol, a wide 
range of hybrid inorganic-organic mesoporous frameworks with structural and 
morphological variations could be prepared by this approach. As the synthesis is 
proceeded under near neutral pH and room temperature condition, enzymes and proteins, 
especially lipophilic ones, can be immobilized in these matrix with higher activity and 
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stability. The hydrophobicity/hydrophilicity can be tuned by varying the type and amount 
of the organosiloxanes.  
 
2.2. Experimental Section 
The synthetic approach of making organic-inorganic hybrid mesoporous materials 
was based on the protocol of nonsufactant templated sol-gel pathway developed in our 
laboratory. Organosiloxane was hydrolyzed and co-condensed with TMOS under 
otherwise similar synthesis procedures. 
2.2.1. Materials  
Tetramethyl orthosilicate (TMOS), methyltrimethoxysilane (MTMS), n-
propyltrimethoxysilane (PTMS), and phenyltrimethoxysilane (PhTMS) were purchased 
from Aldrich Chemicals (Milwaukee, WI). D(-)fructose was supplied by Sigma (St. 
Louis, MO). HCl was purchased from Fisher Scientific (Fair Lawn, NJ). All chemicals 
and reagents were used as received without further purification. 
 
2.2.2. Preparation of Organic-Inorganic Hybrid Mesoporous Silica Materials 
The preparation of organic-inorganic hybrid mesoporous silica materials in the 
presence of D(-)fructose as template and HCl as catalyst followed the similiar procedures 
of  TMOS-derived mesoporous silica materials as previously reported,68 except that one 
of the three different organically substituted alkoxides, RSi(OMe)3 (R is methyl, n-propyl 
or phenyl) was mixed with TMOS during the hydrolysis and co-condensation (i.e. the 
sol-gel reactioins). In order to investigate the influence of the organosiloxanes on the 
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structure of the hybrid silica materials, the molar ratio of TMOS to RSi(OMe)3 was fixed 
at 3:1. The content of the template, fructose, was varied between 0 wt% and 60 wt%. 
Thus, three series of hybrid silica materials, denoted as HIF, HIIF and HIIIF followed by 
the number of weight percentage of fructose, were prepared corresponding to methyl, n-
propyl-, and phenyl-containing hybrid silica materials, respectively. To minimize the 
chances of phase separation, TMOS and RSi(OMe)3 were mixed and prehydrolyzed 
under HCl catalysis before the addition of the fructose solution.  
As a typical synthesis of sample HIF50 (TMOS/MTMS hybrid mesoporous silica 
materials synthesized under 50 wt% of fructose as template), 2.329 g TMOS (15.3 mmol) 
and 0.695 g MTMS (5.1 mmol, molar ratio of TMOS/MTMS=3) were mixed with 0.70 g 
distilled water and 30 µL 40 mM HCl (1.2 × 10-2 mmol) under magnetic stir at room 
temperature. After ~15 minutes, the precursors mixture became homogeneous, 
accompanied by the rise of temperature. Upon cooling to room temperature, 1.262 g 
fructose dissolved in 1.262 g distilled water (50 wt% solution, which account 
theoretically for 50 wt% in the final dried hybrid silica materials) was added to the pre-
hydrolyzed TMOS/MTMS sol under agitation. The resultant homogeneous sol was sealed 
with paraffin film, which had 15 pinholes punched with a syringe needle to allow the 
evaporation of volatile molecules such as methanol and water. After gelation and drying 
in air then in vacuum to reach constant weight at room temperature (< 0.5 wt% change in 
24 hours), a transparent, monolithic disk of sample was obtained. Three control samples 
were also synthesized by hydrolysis and co-condensation of TMOS with MTMS, PTMS, 
and PhTMS without addition of fructose and undergone the same sol-gel reactions 
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(denoted as HIF0, HIIF0 and HIIIF0). The final hybrid sol-gels were crushed into powder 
for further characterizations. 
To prepare the organic-inorganic hybrid mesoporous silica materials, the 
template, i.e. fructose molecules, were removed from the as-synthesized silica materials 
via the water extraction under room temperature. General procedure is as follows: the 
fructose-containing sample (0.2-0.8 g, depending on the fructose content) was ground 
into a fine powder, which was soaked in 15 mL of distilled and deionized water under 
agitation for 30 min, after centrifugation and decantation, the sample was placed in 
another 15 mL fresh water for 3h under agitation. The mixture was centrifuged and 
soaked in 15 mL of water overnight. In the following two days, the sample was washed 
twice a day in the same manner. After such exhaustive extraction, the sample was dried 
in an oven at 115 ˚C overnight for subsequent characterizations.  
 
2.2.3. Characterization and Instrumentation 
The template molecules, i.e. fructose, were removed from as-synthesized sol-gel 
materials by water extraction as described above. The content of fructose in as-
synthesized samples was determined from the weight loss at 600 °C in the air by 
thermogravimetric analysis (TGA) on a Dupont 2000 thermal analyzer with 950 TGA 
module. The infrared (IR) spectra of both as-synthesized and water-extracted samples as 
KBr powder-pressed pellets were recorded on a Perkin-Elmer 1600 FT-IR 
spectrophotometer (Norwalk, CT) with a resolution of 4 cm-1. The BET (Brunauer-
Emmett-Teller) surface areas were determined from N2 adsorption-desorption isotherm at 
77K with a Micromeritics ASAP 2010 analyzer (Micromeritics, Inc., Norcross, GA). The 
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amount of N2 gas adsorbed at various partial pressures (0<P/P0<1.0, N2 molecular cross-
sectional area: 16.2 Å2) served to determine the BET surface area. Prior to the 
measurements, the samples were degassed at 120 °C and 1 Pa overnight. The pore size 
distributions (PSD) were plotted according to BJH76 (Barrett-Joyner-Halenda) method 
using desorption isotherms. Transmission electron microscopy (TEM) images for the 
mesoporous samples after template removal were obtained on a JEOL 100CX2 (Japan) 
microscope using an accelerating voltage of 300 kV. The samples were prepared by 
allowing an ethyl alcohol suspension of the finely ground hybrid to evaporate on a Cu 
grid coated with a holey C film.  
 
2.3. Results and Discussions 
2.3.1. Acid-Catalyzed Sol-Gel Reactions  
The general scheme for the acid catalyzed sol-gel reactions (i.e. hydrolysis and 
co-condensation) of TMOS and organosiloxane, RSi(OMe)3 (R is Methyl, n-propyl or 
phenyl) is illustrated in Figure 2-1. 
Acid-catalyzed hydrolysis of siloxanes is postulated to proceed via a bimolecular 
nucleophilic SN2-Si displacement reaction involving pentacoordinate intermediates.40 The 
hydrolysis rate is predicated to increase with substituents that reduce the steric crowding 
around silicon. As the hydrolysis rate of TMOS is relatively faster than that of 
organically modified siloxanes, the sol-gel reaction proceed in stepwise,39 i.e. TMOS is 
hydrolyzed and condensed first to form the silica matrix whereas the MTMS, PTMS, and 
PhTMS units subsequently hydrolyze and co-condense on the pre-formed silica network 
surfaces which suggests that the organic groups are located on the inner surface of the 
42 
silica matrix, or in other words, the functional groups are protrude from the surface to the 
pore or channels instead embedded in the wall of the silica matrix. On the other hand, in 
the sol-gel reactions of the alkyltrimethoxysilane-TMOS binary system, co-condensation 
should be dominant due to the steric repulsion between alkyl groups and the greater 
mobility of TMOS-derived species. Furthermore, under the presence of relatively large 
amounts of TMOS (TMOS/RSi(OMe)3=3), hydrolyzed alkyltrimethoxysilane molecules 
are much more likely to co-condense with TMOS-derived units instead of condensing by 
themselves. This can also be confirmed by the BET results that will be discussed in detail 
in the following section. 
The chemical reactivity of each precursor toward hydrolysis and condensation can 
then, in principle, be tailored to fit with the others. The reactivity of methyl-substituted 
silicon alkoxides is very low in a basic medium, in contrast to pure silicon alkoxides, the 
synthesis of hybrid systems made from alkoxysilane and metal alkoxides is usually 
performed in an acidic medium, to match the chemical reactivity of all precursors. In this 
work, all the hydrolysis is carried out under acidic condition (pH=3-4).  
It is important to point out that the TMOS-derived mesoporous silica can be 
prepared in the presence of neutral nonsurfactants templates, however, they cannot be 
compared with the gels discussed in this work, because co-hydrolysis of MTMS and 
TMOS proceeds one after the other and thus results in slightly different microstructures. 
By introducing organic groups (like CH3, n-C3H7, C6H5, etc.) into the hybrid network, the 
radius of the primary particles and the cluster radii are hardly affected, but the surface 
smoothness of the silica matrix is considerably altered. This resulted in the observed 
decrease of the pore volume and pore size (Table 2-2) compared with the silica 
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synthesized from the pure TMOS in the presence of template. This is in good agreement 
with Stein’s result derived from the bromination test of the vinyl-modified MCM-41 type 
mesoporous silica materials. The incorporation of organic group decreased the pore 
volume and pore size is well known for the organic modified silica matrix.47-49 
2.3.2. Template Removal and Infrared Spectroscopy  
One thing that needs to be pointed out is that fructose in this work is just one of 
the neutral non-surfactant templates which are first reported by our group in the synthesis 
of mesoporous silica materials. Other templates include D-glucose, D-maltose, glycerol, 
dibenzoyltartaric aicd (DBTA), camphor etc. can also be applied in the co-condensation 
by minor modification of the synthesis protocol. Based on our previous results, the meso-
structure of the materials was mainly depended on the amount of the neutral 
nonsurfactants template, instead of the molecular structure of the template itself, since it’s 
the aggregation of the template, not the self-assembly of the template molecules 
themselves (the case for the surfactant-templated route) which direct the pore-forming in 
the silica matrix.68 
Calcination, the most commonly used method for template removal in surfactant-
templated mesoporous materials, must be substituted with solvent extraction in order to 
retain the chemical integrity of the organic groups in the hybrid matrix. In our 
experiment, Both IR and TGA measurements showed the removal of fructose was 
complete. As the mixture in most cases was homogeneous before the gelation and remain 
transparent after gelation, the organosiloxane species are distributed uniformly 
throughout the silica network and function as the surface modifier. 
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FT-IR indicates qualitatively that the amount of organosiloxane incorporated into 
the silica matrix is related to the composition of the synthesis mixture. The spectra is 
typical of a highly-hydroxylated silica-network since there are many Si-OH groups 
remaining on the surface.37 Because the related band locations for the different series of 
organic-modified silica matrix were relatively close, band assignments for the 
fundamental infrared bands of the silica network along with those due to water are listed 
in Table 2-3. Typical infrared spectra of the mesoporous materials after the removal of 
fructose by water extraction are shown in Figure 2-2. Two strong absorption bands 
around 1100 cm-1 and 799 cm-1 are attributed to asymmetric and symmetric stretching of 
Si-O-Si bonds, respectively. The band at 557 cm-1 can be assigned to the symmetric Si-O-
Si stretching mode for a four-membered siloxane ring. Another noticeable feature is the 
Si-OH stretching vibration around 940 cm-1 which is observed in all the samples. As the 
Si-C covalent bonds are relatively stable under acid catalysis, the organic groups were 
retained in the silica matrix after sol-gel reactions, which is confirmed by the presence of 
IR vibrations indicative of the specific organic functionalities in the after-extracted 
samples: e.g., 1280 cm-1 for symmetric C-H bending vibration of methyl groups, 2964, 
2924 and 2877 cm-1 for asymmetric and symmetric C-H stretching of terminal propyl 
group, and 750 cm-1 for the out-of-plane bending of phenyl C-H. 1430 and 1600 cm-1 
were attributed to the asymmetric and symmetric C-H stretching for phenyl groups, 
respectively. The appearance of an additional peak at ~ 1140 cm-1 in the Si-O-Si 
stretching region (1000-1200 cm-1), although it was a little obscured by the Si-O-Si 
asymmetric bending, confirmed that the organic groups have been incorporated into the 
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silica network via the nonhydrolyzable Si-C covalent bonds and functioned as network 
modifier. 
2.3.3. TGA 
The actual content of D-fructose in the as-synthesized samples as determined 
thermogravimetrically were summarized in Table 2-2. The calculated value is the 
theoretical value from the feeding composition of the reaction mixture and assume 
complete conversion of TMOS to silica, while the found value is actual values of SiO2 
content determined by thermogravimetric analysis. The discrepancy might arise from the 
further reaction of surface silanol groups and further removal of organic groups except 
the fructose under high temperature, which resulted in lower content of SiO2 in the hybrid 
materials. 
2.3.4. Surface Area and Pore Structure 
Most solids are inherently porous, and many techniques have been developed to 
characterize the porous structure of solids. Among them the nitrogen adsorption 
technique is the most popular one that can obtain the data on total pore volume, the BET 
surface area and the pore size distribution. Before we delve into the characterization of 
the pore structure, it’s noteworthy to discuss the types of isotherms and hysteresis loops. 
According to the International Union of Pure and Applied Chemistry (IUPAC), 
the majority of adsorption-desorption isotherms may be grouped into six types73 as shown 
in Figure 2-3. The reversible Type I isotherms are given by microporous solids having 
relatively small external surfaces. The reversible Type II isotherms is the normal form of 
isotherm obtained with a non-porous or macroporous adsorbent. It represents unrestricted 
46 
monolayer-multilayer adsorption. The reversible Type III isotherms are not common, but 
there are a number of systems (e.g. nitrogen on polyethylene) which give isotherms with 
gradual curvature and an indistinct Point B. Characteristic features of the Type IV 
isotherm are its hysteresis loop, which is associated with capillary condensation taking 
place in mesopores. The Type V isotherm is uncommon, it is related to the Type III 
isotherm in that the adsorbent-adsorbent interaction is weak, but is obtained with certain 
porous adsorbents. The Type VI isotherm, in which the sharpness of the steps depends on 
the system and the temperature, represents stepwise multiplayer adsorption on a uniform 
non-porous surface. 
Normally, in the adsorption-desorption isotherms, the desorption isotherms do not 
retrace the adsorption ones but rather lie above them over a range of relative pressure, 
which form a hysteresis loop before eventually rejoining the adsorption isotherms. 
Hysteresis appearing in the multiplayer range of physisorption isotherms is usually 
associated with capillary condensation in mesopore structures. IUPAC has classified the 
various hysteresis loops that are observed experimentally as types H1, H2, H3 and H4 as 
shown in Figure 2-4. The observed hysteresis may be the result of two basic mechanisms, 
namely, “single pore mechanism” and “network mechanism”.74  
In “single pore mechanism”, a metastable phase may persist beyond the vapor-
liquid coexistence pressure during the adsorption and desorption processes where a vapor 
phase may be present at pressure above the condensation pressure, and a liquid phase 
below the condensation pressure. 
The second mechanism is related to the topology of the pore network. During the 
adsorption process, the vapors needed to fill the pore can be transported either through 
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the liquid or through the vapor phases. However, during the desorption process, the 
desorbed vapors must be transported to outside only through the vapor phase. 
Vaporization therefore occurs only in pores connected to the bulk vapor phase, not in 
pores surrounded by other liquid filled pores. Once vaporization has occurred in some of 
the pores near the external surface, the adjacent pores now have contact with the vapor 
phases, and will vaporize when it is thermodynamically favorable. As a result, clusters of 
vapor-filled pores grow from the surface until enough pores are opened. 
Figure 2-5 shows the representative N2 adsorption-desorption isotherms for water-
extracted methyl-containing hybrid materials (HIF series). Without adding the template 
(i.e., HIF0), the material is nonporous solid, as evidenced by the Type II isotherms and 
small specific surface areas (< 10 m2g-1) and pore volumes (0.01 cm3g-1). As the content 
of fructose is increased, the isotherms change gradually from reversible type I, typical for 
microporous (HIF22, HIF38, HIF46), to that similar to type IV (HIF50, HIF60) with H2 
hysteresis for mesoporosity. The hysteresis loops showed typical H2 shape corresponding 
to “ink-bottle” shape pores. For samples HIF22, HIF38, HIF46, the isotherms reach 
maximums at low relative pressures because the multiplayer adsorption was physically 
not possible in small pores, also the sorption capacities are much lower and the hysteresis 
loops are much smaller than those of HIF50 and HIF60. The high surface areas (~900 
m2g-1) and pore volumes (≥ 0.6 m3g-1) also indicate the mesoporosity in HIF50 and 
HIF60. Figure 2-6 is the pore size distributions of water-extracted 25 mol%-methyl-
containing hybrid silica materials, in which differential volume is plotted against pore 
size for the desorption branches of the N2 adsorption-desorption isotherms according to 
BJH model.76 With the fructose content less than 50 wt%, the pore size falls mainly in 
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micropore range (< 17 Å). As the content of fructose is increased further (≥ 50-60 wt%), 
the mesopores become predominant and identifiable with pore diameter of 28-30 Å 
(Table 2-2), the pore size is smaller than those of pure TMOS-derived mesoporous 
materials (32-35 Å) at the same content of fructose. The result is consistent with those 
observed for the organic-modified MCM-41 materials prepared via the surfactant route48 
where the addition of organosiloxane into TMOS gels has been shown to decrease the 
surface area and porosity. BET surface area and the pore volume of hybrid materials 
prepared without template were decreased by two orders of magnitude compared with 
those of the pure TMOS-derived silica gels.28  
For n-propyl- and phenyl-containing hybrid silica materials, The BET surface 
areas and pore volumes of n-propyl-containing (HIIF) and phenyl-containing (HIIIF) 
hybrid sol-gel materials are much lower than those of the methyl-containing hybrid sol-
gel as summarized in Table 2-2. Because of the phase separation at high fructose 
contents, it would be premature to draw definitive conclusions. Further investigation of 
the effect of molar ratio of organosiloxane on the nanostructure of hybrid silica materials 
will be addressed in the following chapter. 
Figures 2-7, 2-8, 2-9 and 2-10 are the N2 adsorption-desorption isotherms and 
pore size distribution for the n-propyl- and phenyl-containing hybrid samples, 
respectively, after water-extraction. Both showed somewhat similar trend from 
nonporous materials to microporous materials as the content of fructose increase. One of 
the significant thing need to point out is that the presence of a large hysteresis loop at 
P/P0 > 0.5 in the isotherm is indicative of non-uniform textural or interparticle 
mesorpores (100-150 Å). 
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2.3.5. Correlation between Pore Structure Parameters and Fructose Content  
Our preliminary results showed that at the fixed molar ratio of TMOS to 
organosiloxane at 3:1, only the methyl-containing silica materials (i.e HIF series) are all 
transparent with template content up to 60 wt%. For propyl-containing (i.e. HIIF series) 
and phenyl-containing (i.e. HIIIF series) samples, it is noted that at high fructose 
concentrations it becomes much harder to obtain homogeneous, optically transparent, 
crack-free samples, the samples transform gradually from transparent to translucent then 
to opaque as the fructose content increases (Table 2-2), which is an indication of phase 
separation. When more than 60 wt% of fructose was added in the hydrolysis mixture, 
separation of fructose from the gels during the drying process was observed.  
The as-synthesized samples before removing fructose exhibit different types of N2 
adsorption-desorption isotherms which change from type I to type II with H4 hysteresis, 
which is typical of nonporous solids, as the fructose content increased. The lack of 
porosity is further evidenced by their small values of specific surface areas (<20 m2g-1) 
and pore volumes (~0.01 cm3g-1). The t-plot analysis shows that these values, however 
small, are mainly contributed from exterior surface and voids of the sample powders. 
These observations indicate that in the as-synthesized samples, fructose molecules form 
closely contact, intermingled composites without internal pores detectable by the N2 
adsorption-desorption method. Since the water-extraction procedures may have little 
effect on the hybrid matrix, the observed total surface areas and pore volumes (Table 2-2) 
in the extracted materials are mainly contributed from the internal voids previously 
occupies by the templating fructose molecules. In fact, analysis on the net pore volume 
and BET surface area, which are the differences between the water-extracted and as-
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synthesized methyl-containing samples (HIF series), reveals that both pore volume and 
surface area are linearly dependent on the fructose concentration with good correlation 
coefficients of R2=0.97-0.98 (Figure 2-11 and Figure 2-12). Hence, the observed total 
surface areas and pore volumes in the extracted materials are mainly contributed from the 
internal voids in the silica matrix previously occupied by the fructose molecules or 
aggregates. 
2.3.6. Gelation Time and Physical Characteristics  
The addition of organically modified silanes to a matrix formed mainly from 
TMOS results in a decrease in hardness, optical clarity and dehydration/rehydration 
stability and at high levels may cause phase separation.28 At low level of organosilane, 
and particularly when MTMS is used, it is possible to prepare optically transparent, 
durable, organic-inorganic mesoporous hybrid materials.  
The gelation time, which is the time interval between the initial mixing of the 
reactants and the occurrence of gel formation, and physical characteristics of hybrid silica 
gels are greatly influenced by the type of organosiloxanes, molar ratio of organosiloxanes 
to TMOS, content of fructose, pH and temperature at which monoliths were formed. The 
rate of hydrolysis of alkyltrimethoxysilane under acid-catalysis is known to decrease as 
the bulk of organic groups increases. Gelation becomes drastically slower with addition 
of organically modified precursor (Table 2-2). Similar to the observed gelation time 
shortening effect in the presence of glucose templates69, the gelation time of the acid-
catalyzed pure TMOS was shortened from 16 hours to 12 hours in the presence of 60 
wt% of fructose. This may suggest the mechanism of sugar functioned as the catalyst for 
the pure TMOS sol-gel through the hydrogen-bonding between the sugar molecules and 
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the intermediate silicate species, RSi(OMe)3-x(OH)x, in a very hydrophilic environment. 
Such a catalytical effect confirms our earlier suspension on the catalytical effect of sugar 
molecules on sol-gel reactions. In a very intriguing contrast, for the methyl-containing 
sol-gel materials (i.e. HIF series), the gelation time was not shortened as the 
concentration of the fructose increased, in fact, it’s in a reverse relationship in many cases 
(Figure 2-13). Further investigation is in progress to examine this phenomenon in details. 
The gelation time also increased from MTMS to PTMS to PhTMS, which can be 
explained by the reduced crosslinking degree and steric effects of the organic groups. 
Interestingly, the gelation time decreases for propyl- and phenyl-containing samples with 
greater than 40 wt% of fructose, which is indicative of phase separation and caused 
gelation of the two phases to occur independently of each other.58  
The type of organosiloxane also affects the clarity of the glass. For example, 
samples containing 25 mol% MTMS and up to 60 wt% fructose remained quite 
transparent, while samples containing 25 mol% PTMS or PhTMS were generally opaque 
when fructose content was greater than 40 wt%. Many previous works revealed that 
MTMS can be incorporated into TMOS up to 20 mol% with retention of good physical 
characteristics. Materials with more than 20 mol% MTES, or incorporating PTMS at 
levels above 5 mol% showed poorer physical characteristics, indicating phase 
separation.28 The result suggests that there might be an upper limit (e.g., final molar 
content <25 mol%) in the extent of organosiloxane incorporation into hybrid silica 
materials, which is similar to the surfactant-templated MCM-41 type synthesis. 48 
52 
2.3.7. TEM 
Figure 2-14 is a typical TEM image of the methyl-containing hybrid mesoporous 
silica (HIF60) after removing the fructose by water-extraction. It exhibits numerous 
cylindral-shaped interconnecting mesopores, typical of the materials prepared via the 
nonsurfactant pathway. Obviously, they differ from the regularly shaped honeycomb 
(hexagonal) structure of the MCM-41 molecular sieves. The arrangements of mesopores 
in these hybrid materials are similar to the wormhole-like channel motif in MSU-1 
materials prepared via a neutral surfactant (i.e., PEO-templated) pathway.75 It should be 
emphasized that we do not yet understand fully how the nonsurfactant compounds lead to 
(or direct) the formation of mesoporosity, and hence, both the terms "pore-forming agent" 
and "template" are used in this work. It appears that the hydrogen-bonding interactions 
between the template molecules or aggregates and the silicate species play an important 
role in this system. The diameter of the pores or channels measured from the image is 
around 3 nm, which is in a reasonable agreement with the results from the nitrogen 
isotherm measurements as we mentioned above.  
 
2.4. Conclusions 
Optically transparent organic-inorganic hybrid silica materials with reasonably 
controllable pore size and distribution have been synthesized through the acid-catalyzed 
pre-hydrolysis and co-condensation of TMOS and organosiloxanes RSi(OMe)3 (R is 
methyl, n-propyl and phenyl) in the presence of a kind of neutral nonsurfactant template 
compound, D(-)fructose. The low molecular weight template was readily removed from 
the hybrid matrices via water extraction under ambient conditions, affording the 
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mesoporous hybrid silica materials. The pore structure and parameters of the hybrid 
mesoporous materials are depended on the content of template and in a good linear 
correlation. The resultant mesoporous hybrid materials, as characterized by N2 
adsorption-desorption measurements, exhibit high specific surface area of ~900 m2/g, 
pore volume of ~0.6 cm3/g and BJH pore diameter of 28-30 Å. All these parameters are 
indicative of the mesoporosity although the pore parameters are smaller and less defined 
than those of the TMOS-derived counterparts prepared at the same concentration of 
templates. Characterization with FT-IR on both as-synthesized and after-extraction 
samples demonstrates that the organic moieties (methyl, n-propyl, phenyl) are 
incorporated into the host silica matrix via the nonhydrolyzable Si-C covalent bonds and 
act as a surface modifier in the silica matrix. The organic groups were located on the 
surface of the mesoporous channel or pores, which explained the resulted smaller pore 
volume and pore size of the organic modified silica materials than those of the pure silica 
materials under otherwise identical conditions. The fructose template may shorten the 
gelation time in the sol-gel reactions. TEM image of these mesoporous materials after 
template removal show interconnected, wormhole-like channels similar to MSU materials 
prepared via the neutral surfactant pathway. 
This approach provides a general protocol to design a wide range of organically 
functionalized, mesoporous hybrid materials with controllable porosity and surface 
characteristic (i.e., functionality, hydrophilic/hydrophobic). Many other organosiloxanes 
could be used, although compounds that are very hydrophobic or for which the hydrolysis 
is slow relative to that of the primary silica source (e.g., TMOS, TEOS) should be 
avoided. The structure of the inorganic-organic interface can be designed at the molecular 
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level by the functionalities in the alkylmethoxysilanes used. The materials may find 
applications in the areas including optical, catalytical, separation and molecular printing. 
Furthermore, the mild synthesis condition and the biocompatibility of the template can be 
readily adapted in the encapsulation of protein molecules, especially lipophilic enzymes, 
which could open up new avenues for biocatalyst and biosensor application. 
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Table 2-1. List of Mesoporous Co-condensation Products15 
Functional group Surfactant Mesophase References 
3-aminopropyl-, 2-cyanoethyl- 
 
n-dodecylamine HMS Macquarrie50 
3-aminopropyl- 
 
C16TABr MCM-41 Mann51 
3-chlororopyl- 
 
 
n-dodecylamine 
C16TABr 
HMS 
Ti-MCM-41 
Macquarrie54 
Tatsumi55 
3-(2,4-dinitrophenylamino) 
propyl- 
 
C16TABr MCM-41 Mann56 
Mann57 
ethyl-, propyl-, n-hexyl-, n-octyl-, 
3-butenyl- 
 
n-dodecylamine HMS Nakajima58 
3-(2,3-epoxypropoxy)propyl-, 
3-imidazole- 
 
C16TABr MCM-41 Mann51 
3-mercaptopropyl-, propyl-SO3H 
 
 
C16TABr 
n-dodecylamine 
MCM-41 
HMS 
Stein59 
Jacobs60 
3-mercaptopropyl- 
 
Triton-X100 MSU Mercier61 
methyl-, ethyl-, n-octyl- 
 
C16TABr SBA-3 Babonneau62 
CH3HN(CH2)3-, (CH3)2N(CH2)3-, 
H2N(CH2)2NH(CH2)3- 
 
n-dodecylamine HMS Macquarrie54 
phenyl- C16TABr 
 
 
 
C16TACl 
 
 
n-octylamine 
 
MCM-41 
SBA-1 
SBA-3 
 
MCM-41 
MCM-48 
 
HMS 
Mann47 
Mann48 
Mann49 
 
Slade63 
Mann64 
 
Mercier65 
phenyl-, methyl- 
 
n-dodecylamine HMS, Ti-HMS Nakajima58 
n-propyl-, n-butyl-, n-octyl- 
 
n-hexadecylamine HMS Mercier65 
vinyl- C16TABr 
 
n-dodecylamine 
MCM-41 
SBA-3 
HMS 
Stein59 
Babonneau62 
Nakajima58 
vinyl-, allyl-, n-pentyl- C16TABr Ti-MCM-41 Tatsumi55 
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Table 2-2. Pore Parameters of Fructose-Templated, Water-Extracted Organic (25 mol%)-
Inorganic Hybrid Sol-Gel Materials 
D-fructose (wt %) microporee sample 
ID calcda foundb 
SBETc 
m2 g-1 
VSPd 
cm3g-1 area(m2 g-1) vol (cm3 g-1) 
Optical 
appearancef 
HIF0 0 7.1 8 0.010 -- -- T 
HIF22 22 25.3 443 0.254 293 0.19 T 
HIF33 33 34.0 471 0.266 324 0.20 T 
HIF38 38 40.5 585 0.34 413 0.23 T 
HIF46 46 46.2 727 0.410 248 0.22 T 
HIF50 50 50.8 870 0.489 137 0.08 T 
HIF60 60 59.2 984 0.571 -- -- T 
HIIF0 0 7.9 4 0.009 -- -- T 
HIIF33 33 35.1 369 0.214 223 0.13 T 
HIIF38 38 37.8 483 0.280 208 0.12 L 
HIIF52 52 53.2 295 0.520 203 0.01 O 
HIIF60 60 62.0 329 0.628 23 0.01 O 
HIIIF0 0 8.1 4 0.011 -- -- T 
HIIIF22 22 24.1 6 0.014 -- -- T 
HIIIF33 33 35.0 345 0.242 174 0.10 L 
HIIIF46 46 47.2 474 0.607 152 0.09 O 
HIIIF50 50 50.9 547 0.329 190 0.10 O 
HIIIF60 60 62.5 627 0.392 144 0.08 O 
a Theoretical value from the feeding composition of the reaction mixture. b Values from 
the weight loss of the sample, which represent total contents of volatile compounds. c The 
BET surface area using the Kelvin equation in the relative pressure (P/P0) range of 0.10-
0.30. d The single point pore volume determined at P/P0≈1 e Determined by the t-plot 
method. f T-transparent, L-translucent, O-Opaque. 
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Table 2-3. Infrared Band Locations (cm-1) and Assignments for the TMOS-derived Silica  
Band location Mode Structural unit 
3640sh ν(O-H) Mutually H-bonded SiO-H 
3440m ν (O-H) Molecular water 
1978w, 1868w combination Si-O-Si 
1632m δ(H-O-H) molecular water 
1200sh, 1079vs ν as(Si-O) Si-O-Si(LO and TO mode) 
943m ν as(Si-O) Si-OH 
799s ν s(Si-O) Si-O-Si 
463vs δ (O-Si-O) O-Si-O 
Note: s-strong, m-middle, w-weak, sh-shoulder 
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Figure 2-1. Schema of the sol-gel reaction of the TMOS and RSi(OMe)3 (R is methyl, n-
propyl or phenyl). 
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Figure 2-2. FT-IR Spectrum of water-extracted pure and hybrid silica materials. (a) pure 
TMOS (b) TMOS/MTMS (c) TMOS/PTMS (d) TMOS/PhTMS. 
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Figure 2-3. Type of physisorption isotherms. Point B, the beginning of the almost linear 
middle section of the isotherm, is often taken to indicate the stage at which monolayer 
coverage is complete and multiplayer adsorption about to begin.76 
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Figure 2-4. Type of different hysteresis loops. Type H1 is often associated with porous 
materials consist of agglomerates or compacts of approximately uniform spheres in fairly 
regular array, and hence to have narrow distributions of pore size; Type H2 was 
attributed to a difference between condensation and evaporation processes occurring in 
pores with narrow necks and wide bodies (often referred to as “ink-bottle” pores); H3 is 
observed with aggregates of plate-like particles giving rise to slit-shaped pores; Type H4 
loop is often associated with narrow slit-like pores.73 
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Figure 2-5. N2 adsorption-desorption isotherms for water-extracted TMOS/MTMS hybrid 
materials with varied concentrations of D(-)fructose. 
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Figure 2-6. The BJH pore size distribution for the water-extracted TMOS/MTMS hybrid 
materials with varied concentrations of D(-)fructose. 
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Figure 2-7. N2 adsorption-desorption isotherm at 77K for the water-extracted samples 
made from HCl-catalyzed co-hydrolysis and cocondensation of TMOS and PTMS with 
varied concentrations of D(-)Fructose (0-60 wt%). 
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Figure 2-8. Barrett-Joyner-Halenda (BJH) desorption pore size distributions of water-
extracted TMOS/PTMS hybrid materials with varied concentration of D(-)fructose. 
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Figure 2-9. N2 adsorption-desorption isotherm at 77K for the water-extracted samples 
made from HCl-catalyzed co-hydrolysis and cocondensation of TMOS and PhTMS with 
varied concentrations of D(-)fructose (0-50 wt%). 
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Figure 2-10. Barrett-Joyner-Halenda (BJH) desorption pore size distributions of water-
extracted TMOS/PhTMS hybrid materials with varied concentration of D(-)fructose. 
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Figure 2-11. Relationship between the net BET surface areas and the fructose content for 
methyl-containing (HIF) samples. 
73 
0 10 20 30 40 50 60
0.0
0.1
0.2
0.3
0.4
0.5
0.6
 
 
N
et
 P
or
e 
Vo
lu
m
e 
(c
m
3 g
-1
)
Fructose Content (wt%)
 
 
Figure 2-12. Relationship between the net pore volume and the fructose content for 
methyl-containing (HIF) samples. 
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Figure 2-13. Gelation time of the methyl-containing hybrid materials in the presence of 0 
to 60 wt% of D(-)fructose. 
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Figure 2-14. Typical TEM image of after-extracted methyl-containing hybrid material, 
HIF60. 
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Chapter 3 Direct Synthesis of Phenyl-Modified Hybrid Mesoporous Silica Materials 
via the Neutral Nonsurfactant Route 
 
3.1. Introduction  
Traditional silica materials derived from the hydrolysis and condensation (sol-gel 
process)1 of tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS) are 
hydrophilic, transparent, chemically and mechanically stable. In most cases, they are 
appropriate matrices for bioencapsulation even though they are brittle in nature.Error! 
Reference source not found.-3 Organically functionalized hybrid sol-gel materials, obtained from 
the hydrolysis and co-condensation of TMOS or TEOS with other organosiloxanes 
(R’xSi(OR)4-x, where R is methyl or ethyl and R’ is alkyl, aryl, vinyl groups etc.), has 
attracted increasing attention in recent years because of their potential applications in 
such fields as hard coating for optics, catalysis, selective membranes, molecular 
recognition, etc.4-11 In these materials, TMOS/TEOS precursors function as building 
blocks to construct the framework while the organosiloxanes with nonhydrolyzable 
organic groups contribute both framework silicate units and the organic surface 
functional groups. Various molecular structures are formed depending on the 
functionality of the organosiloxane and its proportion in the mixture.  
Systematic study of organically modified silicate materials, synthesized using the 
sol-gel process, started in the mid-1980s and continues to be an area of active research. 
However, occasional studies of methyl-modified silicate materials, one of the simplest 
systems in the hybrid materials, can be found decades before that. Such materials can 
possibly posses a resultant combination of beneficial physical and chemical properties 
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from silicate glass and organic polymeric materials. The inorganic components can 
provide excellent mechanical and optical properties such as surface hardness, thermal and 
structural stability, transparency, and high refractive index, while for organic polymers 
are flexibility, low density, toughness, and formability. Introduction of organic moieties 
within the inorganic silicate framework may increase the flexibility of mesoporous films 
and fibers and reduce the brittleness of monoliths. If these materials can be combined 
effectively, a new class of high performance or highly functional organic-inorganic 
hybrid materials may be achieved.  
The discovery of MCM12-13 series mesoporous materials has opened up the way to 
zeolite materials of controlled mesoporosity. Such materials are promising as catalysts in 
their own right14 and should also prove to be of use as catalyst supports.15 Considerable 
attention has been focused on tailoring the chemical composition of these materials to 
increase the potential applicability of these materials as adsorbents, filters, catalyst, 
catalyst supports, and stationary phases in chromatography etc. which take advantage of 
the high surface areas and specific size selectivity of the mesoporous silicate structures.  
The initial method of preparation of the MCMs involves hydrothermal conditions 
and high temperature calcination (550-650 °C) to remove the ionic template.12 Such a 
requirement precludes this method from preparation of MCM-type materials containing 
organic functional groups. In 1995, Tanev and Pinnavaia reported non-ionic routes to the 
MCMs, in which an amine16 or poly(alkylene oxide)17 surfactant was used as template. 
Such templates can be removed by hot solvent extraction such as ethanol, and avoid the 
necessity of calcination.  
78 
The organic functionalization of the internal surface of MCM-41 type host can be 
achieved either by postsynthesis grafting technique18-24 or by direct incorporation during 
the preparation.18,25-33 Currently, the most common and direct synthesis route to the 
introduction of organic groups into silica network in sol-gel chemistry1 involves the co-
condensation of mixtures of siloxane and organosiloxane precursors in a surfactant-
templated environment. This single-step synthesis (also called one-pot synthesis) can 
produce mesoporous solids with high loadings of organic functional groups and 
homogeneous surface coverage within a relatively short preparation time. 
First successful such example was phenyl-modified MCM-41 type silica materials 
at room temperature by the hydrolysis and co-condensation of TEOS and 
phenyltrimethoxysilane (PhTES) in the presence of cationic surfactant, 
hexadecyltrimethylammonium bromide (C16H33N(CH3)3Br, C16TABr) followed by the 
acid extraction.25 Preliminary nitrogen sorption and XRD studies showed the resulted 
materials using 20 mol% PhTES in the initial synthesis mixture was microporous and of 
high hydrophobicity.26 Water sorption29 has revealed that the sample is hydrophobic at 
low pressures, probably as a result of there being few amount of surface hydroxyl groups 
on phenyl-modified MCM-41 than unmodified MCM-41. This reduction in the number of 
surface hydroxyl groups can be explained by the fact that, in the modified sample, surface 
sites are occupied partly by phenyl groups. The result also suggests that the incorporation 
of phenyl groups decreases the surface area and pore volume, but increases the 
hydrophobicity of the modified silicate gels.  
Almost at the same time as Mann reported the phenyl-modified MCM-41, 
Macquarrie30 reported aminopropyl-MCM and 2-cyanoethyl-MCM by using a non-ionic 
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amine, n-dodecylamine, template route via the co-condensation of TMOS with 
aminopropylteiethxoxysilane and 2-cyanoethyl-trimethoxysilane, respectively. The 
template dodecylamine were removed by the hot ethanol extraction. These materials 
display remarkable thermal stability and solvolytic stability. So far, the organic groups 
which have been successfully incorporated into MCM with different mesophase include: 
phenyl, alkyl, thiol, vinyl, amine, epoxide, imidazole etc.33  
One question in many surface modifications of porous materials is whether the 
functional groups are located on the internal pore surface, the external particle surface, or 
within the walls. By probing the internal pore structure of vinyl-functionalized MCM-41 
by bromination reaction, Stein34 and co-workers concluded that the vinyl groups are 
mostly located within the internal surface of mesopore channels. Bein36 and co-workers 
co-condensed 3-methacrylpropyltrimethoxysilane and TMOS in an MCM-41 type 
structure also found that the C=C double bonds could be completely brominated. 
Similarly, mercaptopropyl-functionalized porous silicates synthesized in the presence of a 
cationic surfactant under basic conditions showed ordered hexagonal array of channels 
but with smaller pore diameters (ca. 14 Å).  
Phenyltrimethoxylsilane (PhTMS) and phenyltriethoxysilane (PhTES) are 
preferred organosiloxanes for controlling the thermal stability, glass transition 
temperature, or refractive index of organic-inorganic hybrid materials. Organic-Inorganic 
hybrid materials based on PhTMS or PhTES have several important applications, such as 
coatings, support for protein, adsorbent etc. Furthermore, they can also act as a pre-
structured starting material for further chemical modifications. For instance, after 
sulfonation of the phenyl-containing silicas, solid acid ion exchangers can be readily 
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obtained. They have many advantages over conventional polymeric sulfonic acids, 
including high surface area, controllable pore size, mechanical stability, as well as 
reduced swelling or contraction upon ion exchange.  
Recently, our group reported a versatile nonsurfactant templating sol-gel route to 
mesoporous materials, where nonsurfactant organic compounds, such as D-glucose, D-
fructose, D-maltose, dibenzoyl-L-tartaric acid etc. were employed as the templates or 
pore-forming agents followed by the ambient solvent extraction.41-43 The thus-synthesized 
mesoporous silica materials has large pore areas ~1000 m2g-1, pore volume ~0.6 cm3g-1 
and narrowly distributed pore size around 20-60 Å. The pore parameters can be easily 
tuned by varying the template concentration to some extend. 
The goal of this work was to extend this neutral nonsurfactant templating route to 
the preparation of transparent, phenyl-modified hydrophobic mesoporous sol-gel 
materials. Based on our results in chapter 2, under fixed molar ratio of TMOS to 
RSi(OR’) at 3:1, only methyl-containing hybrid materials gave mesoporous structure as 
the template increase to 60 wt%, while for propyl and phenyl-containing samples, the 
resulted samples were unsuccessful because of the phase separation. In this chapter we 
will further explore the effect of the molar ratio of the organosiloxane on the structure of 
the hybrid materials. The synthesis was achieved by acid-catalyzed hydrolysis and 
cocondensation of TMOS and different molar content of PhTMS in the presence of 
neutral nonsurfactant template, fructose. Water extraction was used to remove the 
template fructose molecules to yield mesoporous materials. The effect of the molar 
content of the PhTMS in the feeding mixture and the content of fructose on the final 
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mesostructure of the hybrid silica materials was investigated by FT-IR, N2 adsorptioin-
desorption, TGA and TEM. 
3.2. Experimental  
3.2.1. Materials and Synthesis  
Tetramethyl orthosilicate (TMOS, 99%) and phenyltrimethoxysilane (PhTMS, 
97%) were purchased from Aldrich (Milwaukee, WI). D(-)fructose was supplied by 
Sigma (St. Louis, MO). HCl was the product of Fisher Scientific (Fair Lawn, NJ). All 
chemicals and reagents were used as received without further purification.  
3.2.2. Synthesis of Phenyl-Modified Mesoporous Silica Materials 
The preparation of phenyl-modified mesoporous sol-gel materials followed the 
similar procedures as reported previously for the HCl-catalyzed sol-gel reactions of 
TMOS,41 except that fructose was used as the pore-forming agent or template. To 
minimize the possibility of macroscopic phase separation, TMOS was pre-hydrolyzed 
with PhTMS under HCl catalysis before adding fructose. Two series of samples were 
synthesized. One series were prepared by fixing the concentration of fructose at 50 wt% 
while varying the molar proportion of PhTMS in the initial precursors from 5 to 25 
mol%. Another series were synthesized by fixing the molar proportion of PhTMS at 5 
mol% and varying the concentration of fructose between 0 and 60 wt%. In a typical 
procedure for preparing 5 mol% phenyl-modified hybrid mesoporous sample containing 
50 wt% fructose, denoted as HIIIF50-5, TMOS and PhTMS was pre-hydrolyzed with de-
ionized H2O under HCl catalysis (at TMOS:PhTMS:HCl:H2O molar ratio of 
0.95:0.05:0.01:4). Upon cooling to room temperature, 1.25 g of fructose solution (pre-
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dissolved in 1.25 g of distilled water) was added to the mixture under agitation. The 
resultant homogeneous sol was sealed with paraffin film, which had 15 pinholes punched 
with a syringe needle to allow the evaporation of volatile molecules such as methanol and 
water. After gelation and drying in air then in vacuum to reach constant weight at room 
temperature, a transparent, monolithic disk of sample was obtained. One control sample 
was also prepared from the cocondensation of TMOS and 5 mol% PhTMS without 
addition of fructose (denoted as HIIIF0-5). Another control sample containing no phenyl 
groups was synthesized using TMOS as the only silica source in the presence of 50 wt% 
of fructose (denoted as F50). After gelation, all samples were aged and dried at room 
temperature until no further weight loss.  
To prepare the mesoporous silica materials, the samples (0.2-0.4g, depending on 
the fructose content) was ground into fine powder using mortar and pestle and then 
immersed in 15 mL of distilled and de-ionized water under constant agitation. After about 
1 h, the mixture was centrifuged and decanted, another 15 mL of water was added. The 
above extraction procedures were repeated for at least five times plus an additional 
overnight extraction. Such a solvent extraction should have little effect in the silica 
matrix. After such an extraction with a total of ~100 mL of water, the sample was dried 
in an oven at 120 °C overnight. Both IR and TGA measurements showed a complete 
removal of fructose.  
 
3.2.3. Characterization and Instrumentation  
The template molecules, i.e. fructose in our experiment, were removed from as-
synthesized samples by water extraction to yield porous hybrid silica materials. The 
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content of fructose in as-synthesized samples was determined from the weight loss at 600 
°C in the air by thermogravimetric analysis (TGA) on a Dupont 2000 thermal analyzer 
with 950 TGA module. The infrared (IR) spectra of both as-synthesized and water-
extracted samples were recorded on a Perkin-Elmer 1600 FT-IR spectrophotometer 
(Norwalk, CT) with a resolution of 4 cm-1 in the form of KBr powder-pressed pellets. 
The BET (Brunauer-Emmett-Teller) surface areas were determined from N2 adsorption at 
77 K with a Micrometrics ASAP 2010 analyzer (Micromeritics, Inc., Norcross, GA). 
Prior to the measurements, the samples were degassed at 120 °C and 1 Pa overnight. 
Surface areas were calculated from the isotherm data by using BET (Brunauer-Emmett-
Teller) equation in the relative pressure of 0.008-0.3. Multipoint BET surface areas were 
obtained for all samples. The pore size distribution (PSD) was plotted with BJH48 
(Barrett-Joyner-Halenda) method using desorption branch of isotherms. The transmission 
electron microscopy (TEM) image for the hybrid sample after removing the template 
fructose was obtained on a Hitachi H-9000 NAR HREM microscope operating at an 
accelerating voltage of 300 kV. The TEM sample was prepared by dipping an ethanol 
suspension of the finely ground sol-gel onto a Cu grid coated with a holey C film.  
 
3.3. Results and Discussion 
3.3.1. Synthesis and Compositions 
Transparent, phenyl-modified mesoporous hybrid silica materials have been 
prepared via the acid-catalyzed hydrolysis and cocondensation of TMOS with PhTMS in 
the presence of fructose as a pore-forming agent followed by the water extraction under 
ambient condition. The compositions of phenyl-modified silica materials (as represented 
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by the fructose concentrations in the as-synthesized materials) prepared via the 
nonsurfactant-templated sol-gel reactions and the pore parameters of the porous silicas 
upon water extraction are summarized in Table 3-1 and Table 3-2. The compositions 
calculated from the initial feed stoichiometry are comparable to those determined from 
TGA measurements. The discrepancies could be attributed to incomplete hydrolysis of 
TMOS/PTMS and/or incomplete removal of the volatile solvents and by-products (e.g. 
water and methanol) that were tightly to the silica matrix, particularly in the cases when 
the template fructose is absent (HIIIF0-5) or low concentration. As the fructose content 
increases, the discrepancy becomes smaller and relatively negligible.  
3.3.2. Gelation Time 
Gelation time is the time interval between the initial mixing of the reactants and 
the occurrence of gel formation (i.e., the system losses its fluidity). Shorter gelation time 
is indicative of higher rates of the sol-gel reactions. In acid-catalyzed sol-gel process of 
TMOS and PhTMS binary system, gelation became much slower than that of the pure 
TMOS system under otherwise the identical conditions. Our results indicated that the 
gelation time increased with the molar proportion of PhTMS in the initial monomeric 
precursors and decreased with the fructose concentration increase (Table 3-2). This 
further confirms that the sugar molecules can facilitate or catalyze the sol-gel reactions as 
were observed in our lab many years ago. These observations suggest that the hydrogen 
bonding between the fructose molecules or aggregates and intermediate silicate species 
promotes the sol-gel reactions, while the presence of phenyl groups hinders the 
cocondensation of PhTMS owing probably to the steric hindrance and fewer surface 
silanol hydroxyl groups on phenyl-modified silica matrix. It seems there is an upper limit 
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of the PhTMS which can be incorporated into the silica matrix, in our case, as the 
proportion of PhTMS greater than 20 mol% in the initial monomeric precursors, 
macroscopic phase separation occurs which is evidenced by the translucent and opaque of 
the gels. 
3.3.3. Infrared Spectroscopy 
Figure 3-1 shows the typical infrared spectra of the phenyl-modified hybrid 
materials with different molar ratio of PhTMS (varied between 5 to 25 mol%) in the 
initial precursors. Before the IR measurement, all the samples were extracted with water 
to remove the fructose and then dried at 100 °C in an oven overnight. The spectra show 
the major absorption bands associated with network Si-O-Si vibrational modes at 460, 
790, 1080 and 1220 cm-1, along with Si-OH asymmetrical stretching at ~960 cm-1 and 
SiO-H stretching at 3400 cm-1. Figure 3-2 shows the IR spectra of phenyl-modified silica 
materials along with pure silica material in the low frequency range between 600-1500 
cm-1, as the most prominent and informative adsorptions of aromatic compound occurring 
in this range. The absorptions associated with the vibration of ring C-H and out-of-plane 
bending of C-H bonds are clearly identifiable at 1430 cm-1, 699 cm-1 and 740 cm-1, 
respectively. As anticipated, the intensities of these bands increase proportionally as the 
molar concentration of PhTMS in the initial feed of precursors is increased, suggesting 
qualitatively that the phenyl groups have been incorporated into the silicate network via 
the nonhydrolyzable Si-C covalent bond. The appearance of an additional shoulder at 
~1140 cm-1 in the Si-O-Si stretching region (1000-1200 cm-1) indicates the presence of 
Si-C bonds.45-46  
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3.3.4. Nitrogen Adsorption-Desorption Isotherms 
Our previous result42 showed that the silica materials derived from TMOS/TEOS 
in the presence of 50 wt% of fructose was mesoporous with surface area of 915 m2g-1, 
pore volume of 0.6 cm3g-1 and average pore diameter of ~35 Å (control sample, F50 in 
Table 3-2). The modification of the silica matrix by incorporating phenyl groups into the 
sol-gel matrixes significantly reduces the surface area and pore volume.  
Figures 3-3 shows the N2 adsorption-desorption isotherms for the sample series 
synthesized with varied molar content of PhTMS and fixed fructose concentration of 50 
wt%. As the PhTMS content decreases, the mesoporous characteristics of the materials 
become more pronounced. This is characterized by the type IV isotherms with H2 
hysteresis, which is an indicative of the capillary condensation occurring in the 
mesopores.47 Pore sizes distribution obtained from the BJH model48 (Figure 3-4) indicate 
the hybrid silica made from under 10 mol% PhTMS has a narrowly distributed pore size 
around 30 Å.  
Figures 3-5 and 3-6 are the N2 adsorption-desorption isotherms and BJH pore size 
distribution, respectively, of 5 mol%-PhTMS modified sol-gel materials with varied 
concentrations of fructose. As the template concentration increased, the N2 adsorption-
desorption isotherms transform gradually from reversible type I, typical for the 
microporous or nonporous materials (i.e. HIIIF0-5, HIIIF33-5, HIIIF38-5, HIIIF46-5), to 
the isotherms that resemble type IV with H2 hysteresis,47 which is typical for the 
mesoporous materials (i.e. HIIIF52-5, HIIIF60-5). The H2 hysteresis loop becomes 
greater in magnitude and shift to higher relative pressure (P/P0). There is also a well-
defined plateau at a relative pressure P/P0 > 0.8, suggesting the occurrence of pore filling 
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by capillary condensation of nitrogen in the framework-confined mesopores instead of 
adsorption in the interparticle textural pores.42  
Compared with pure mesoporous silica materials prepared from TMOS under the 
same template content, the phenyl-modified silica materials showed a lower sorption 
capacities and smaller hysteresis loops. For example, at the fructose content of >50 wt% 
(sample HIIIF52-5), the material have large BET surface area of ~800 m2g-1 and pore 
volume of ~0.6 cm3g-1 with pore diameter of ~30 Å (Table 3-2). These pore parameters, 
even though somewhat smaller than those of TMOS-derived pure silica counterparts, still 
suggest the mesoporous nature of these hybrid materials.  
All the patterns and trends are consistent with those observed for the pure 
mesoporous silica synthesized via the nonsurfactant templating route. Again, though the 
detailed mechanism for the mesophase formation remains to be established, aggregation 
or assembly of the aggregates of the fructose molecules and their hydrogen bonding 
interactions with the silicate species might direct the mesophase formation. 
3.3.5. Correlation Between Pore Structure Parameters and Fructose Concentration 
 
The pore or channels in the hybrid mesoporous materials after removing fructose 
template by solvent extraction come from the space previously occupied by the 
templateing molecues. Unlike the traditional surfactant (ionic or neutral) templated 
ordered mesoporous system12-13 in which the content of the surfactants does not have 
much effect on the final pore parameters, in our nonsurfactant-template approach, the 
concentration of the template molecules seem to have huge effect. Analysis on the net 
pore volume and BET surface area, which are the differences between the water-
extracted and as-synthesized 5 mol% phenyl-containing samples, reveals that both pore 
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volume and surface area are linearly dependent on the fructose concentration with good 
correlation coefficients of R2=0.97-0.98 (Figure 3-7 and Figure 3-8). Hence, the observed 
total surface areas and pore volumes in the extracted materials are mainly contributed 
from the internal voids in the silica matrix previously occupied by the fructose molecules. 
These observations are consistent with our postulations that the template aggregates or 
assembly of aggregates, rather than the single molecule, may be responsible for the 
mesophase formation.42 
3.3.6. TEM  
Transmission electron microscopy (TEM) image of the mesoporous sample, 
HIIIF52-5, prepared with 5 mol% PTMS in the initial precursors and 52 wt% of fructose 
is shown in Figure 3-9. There is no clearly identifiable structural order or packing of the 
mesoporous channels. It exhibits numerous interconnected channels or mesopores, 
typical of the nonsurfactant templated silica materials40-42 and similar to the wormlike 
channel motif in MSU-1 materials prepared via a neutral surfactant pathway.49-50 The 
pore diameters are mostly around 30 Å, which is in reasonably agreement with the BJH 
pore diameter obtained from nitrogen adsorption-desorption measurements.  
 
3.4. Conclusions 
Transparent, phenyl-modified mesoporous silica materials have been synthesized 
via the acid-catalyzed sol-gel reactions of TMOS with PhTMS in the presence of 
fructose, a neutral nonsurfactant template. The template molecules were removed using a 
water extraction technique to yield a mesoporous solid. N2 adsorption-desorption 
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measurement of the hybrid sol-gels synthesized from 5 mol% PhTMS and 95 mol% 
TMOS with over 50 wt% fructose had a BET surface area of ~800 m2g-1, pore volume of 
~0.6 cm3g-1 and BJH pore diameter of around 3 nm with narrow pore size distribution. 
Up to 10 mol% of PhTMS in the initial feed of precursors, the hybrid gels before 
extraction are transparent. As the PhTMS content increased, the surface area, pore size 
and volume of the hybrid materials decreased. FT-IR results of the as-synthesized and 
extracted samples confirmed the incorporation of phenyl groups into the silica matrix 
through nonhydrolyzable Si-C covalent bonds. TEM image of the hybrid showed 
numerous interconnected channels or mesopores, typical of the nonsurfactant templated 
silica materials and similar to the wormlike channel motif in MSU-1 materials prepared 
via a neutral surfactant pathway. The existence of phenyl groups increases the surface 
hydrophobicity and modifies the internal microstructures of the silica matrix.  
This one-step synthesis can produce hybrid mesoporous solids with high loadings 
of organic functional groups and homogeneous surface coverage within a relatively short 
preparation time. In the following chapters, we will discuss the encapsulation of 
enzymes, such as horseradish peroxidase, glucose oxidase, lipase, organophosphorous 
acid anhydrolase etc., in these phenyl-modified mesoporous sol-gel materials for 
biocatalyst and biosensor applications. 
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Table 3-1. Pore Parameters of Water-Extracted PhTMS Hybrid Materials Prepared at 
Various Fructose Concentrations 
D-fructose (wt%) microporeg 
sample 
IDa 
calcb foundc 
SBETd 
(m2.g-1) 
VSPe 
(cm3 g-1) 
DBETf 
(Å) 
Area 
(m2.g-1) 
vol. 
(cm3.g-1) 
F50 50 51 915 0.6 35 -- -- 
HIIIF0-5 0 11 114 0.077 -- 75.5 0.042 
HIIIF33-5 33 37 544 0.305 22 402 0.222 
HIIIF38-5 38 43 666 0.370 22 366 0.205 
HIIIF46-5 46 48 756 0.418 23 193 0.110 
HIIIF52-5 52 54 878 0.601 27 -- -- 
HIIIF60-5 60 61 808 0.638 34 -- -- 
a PhTMS content in the initial precursors is fixed at 5 mol% and the fructose template 
concentration is varied from 0 to 60 wt%. b Theoretical value from the feeding 
composition of the reaction mixture . c Values from the weight loss of the sample, which 
represent total contents of volatile compounds. d The BET surface area using the Kelvin 
equation in the relative pressure (P/P0) of 0.10-0.30. e The single point pore volume 
determined at P/P0≈1. f Determined by the t-plot method. g The BET pore diameter 
calculated from 4V/S.  
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Table 3-2. Pore Parameters of Fructose-Templated, Water-Extracted Hybrid Sol-Gel 
Materials with Various Contents (mol%) of PhTMS in the Initial Feed 
micropored  
Sample 
IDa 
 
PhTMS 
Content 
(mol%) 
 
SBETb 
(m2.g-1) 
 
VSPc 
(cm3 g-1) Area 
(m2.g-1) 
vol. 
(cm3.g-1) 
 
gelation 
time 
(hrs) 
HIIIF50-0 0 915 0.596 -- -- 10 
HIIIF50-5 5 882 0.506 -- -- 15 
HIIIF50-10 10 829 0.494 93 0.052 26 
HIIIF50-20 20 669 0.412 162 0.092 48 
HIIIF50-25 25 424 0.261 225 0.126 66 
a The content of fructose is fixed at 50 wt% and the content of PhTMS in the PhTMS-
TMOS precursor mixture is varied from 0 to 25 mol%. b The BET surface area using the 
Kelvin equation in the relative pressure (P/P0) range of 0.10-0.30. c The single point pore 
volume determined at P/P0≈1 d Determined by the t-plot method. 
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Figure 3-1. FT-IR of water-extracted phenyl-modified hybrid materials (prepared in the 
presence of 50 wt% of fructose) with different molar percentage of PhTMS in the initial 
feed of precursors. 
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Figure 3-2. FT-IR (600-1500 cm-1) of water-extracted phenyl-modified hybrid materials 
(prepared with 50 wt% of fructose) with (a) 0, (b) 5, (c) 10, (d) 20, and (e) 25 mol% of 
PhTMS in the initial feed of precursors. 
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Figure 3-3. N2 adsorption-desorption isotherms for water-extracted phenyl-modified 
hybrid materials with varied molar concentrations of PhTMS. 
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Figure 3-4. The BJH pore size distributions for water-extracted phenyl-modified hybrid 
materials with varied molar concentrations of PhTMS.  
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Figure 3-5. N2 adsorption-desorption isotherms for water-extracted 5 mol%-phenyl-
modified hybrid materials with varied concentrations of fructose. 
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Figure 3-6. The BJH pore size distributions for water-extracted 5 mol%-phenyl-modified 
hybrid materials with varied concentrations of fructose. 
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Figure 3-7. Correlation of the net pore volume of the 5 mol% phenyl-modified hybrid 
mesoporous silica materials and the content of the fructose. 
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Figure 3-8. Correlation between the net BET surface areas and the fructose content for 5 
mol% phenyl-containing (HIIIF-5) samples. 
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Figure 3-9. TEM picture of water-extracted 5 mol%-phenyl-modified hybrid material in 
the presence of 52 wt % of fructose. 
104 
Chapter 4 Direct Immobilization of Horseradish Peroxidase (HRP) in the Phenyl-
Modified Hybrid Mesoporous Sol-Gel Materials 
 
4.1. Introduction 
 
Since its inception a decade ago, sol-gel encapsulation has opened up an 
intriguing new way to immobilize biological materials. The advantages of these “living 
ceramics” might give them applications as optical and electrochemical sensors, 
diagnostic devices, catalysts, and even bio-artificial organs.1-2 
A broad variety of techniques have been applied to the enzyme immobilization, 
including adsorption to solid supports, covalent attachment, and entrapment in polymers. 
In general, adsorption techniques are easy to perform, but the bonding of the enzyme is 
often weak and such biocatalysts lack the degree of stablization which is possible by 
entrapment or covalent attachment. On the other hand, the covalent techniques are 
tedious and often require several chemical steps. Direct immobilization of active 
biological substances, such as enzyme,3-6 proteins,7 cells,8 antibodies9 etc., in porous 
metal oxide carrier by physical entrapment via the sol-gel processes11 has drawn great 
interest in recent years.  
Sol-gel immobilization preparations are conventionally carried out by adding 
active biologics into the metal alkoxide-derived liquid sol before gelation, aging, and 
sometimes drying. The most common sol-gel matrices are silicas derived from the 
precursor tetramethyl orthosilicate (TMOS) or tetraethyl orthosilicate (TEOS).2-3 Silica 
sol-gels are hydrophilic, transparent, chemically inert and mechanically stable. In most 
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cases, they are appropriate matrices for bio-encapsulation even though they are brittle in 
nature.  
Sol-gel immobilized enzymes maintain the same catalytic functionality but 
usually have significantly higher thermal, storage and operational stability, compared to 
their counterparts in solution. The structures and properties of doped sol-gels depend not 
only on the chemical compositions of the starting materials, but also on many operational 
factors involved in the preparations. Upon immobilization, the entrapped biologics are 
expected to possess adequate apparent or remaining activity, not diminishing 
substantially with storage, and show no leaching from a stable matrix. However, the 
current sol-gel immobilization remains essentially a trial and error process, due mainly to 
the complexity of the sol-gel reactions and the lack of control over fine structures of the 
final products at the molecular level. It is highly desirable to develop a fast, 
straightforward, efficient and general approach for the synthesis of biologically-doped 
sol-gel materials with reproducible performance and long-term stability. 
From the original immobilization protocols,12 various modifications tailored for 
the individual biologic systems have been explored. These include substituting TMOS or 
TEOS with other sol-gel precursors,23,24 using organic-modified hybrid host host 
matrices,21,25-34 stabilizing the protein before encapsulation by co-immobilizing ligands, 
etc.35-36 In replacing silicas with organically modified silicates, hybrid sol-gels were 
obtained generally from hydrolysis and co-condensation of TMOS with other 
organosiloxanes (RSi(OCH3)3), in these materials, the organic groups are attached on the 
surface of silica matrix through the non-hydrolyzable Si-C bond and function as the 
network modifier.  
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Lipases are one of the most used enzymes in synthetic organic chemistry, which 
can catalyze the chemo- regio- and enantio-selective hydrolysis of carboxylic acid 
esters.26 For a number of different enzymes activities of 30% to 100% relative to the non-
immobilized form have been reached.3 However, in the case of lipases, this approach fails 
(<5 % activity), demonstrating the necessity of incorporation of hydrophobic alkyl groups 
in the silica matrix. One explanation of this alkyl effect is a type of activation in the 
microenvironment of the enzyme based on the interaction of the alkyl groups with the 
hydrophobic or amphiphilic domains of the lipase,27 akin to classical interfacial activation 
of lipases which is known to occur at the interface between water and droplets of 
lipophilic substrates such as tri-glycerides. Recently, Reetz27-32 reported use of modified 
hydrophobic silica matrices prepared from alkyl substituted silane precursors in the lipase 
immobilization and displayed long-term stability as well as pronounced degrees of 
enhanced activity in esterification and trans-esterification reactions in organic solvents. 
Such immobilized lipases displayed activities of 500-8000% with respect to the 
traditional use of the free enzymes in solution. 
Previous work demonstrated that the matrices required for achieving high lipase 
activities consisted of high proportions of alkyl silanes. These materials were not 
transparent but white opaque fine particles with virtually little or no porosity. The low 
porosity was caused by the incorporation of covalently bonded alkyl groups into TMOS 
gels, which was known to decrease the surface area and pore volume, but increase the 
hydrophobicity of the modified silicate gels. Although immobilization of lipases seemed 
successful, other enzymes, such as β-glucosidase, immobilized in the same hybrid matrix 
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gave low remaining activity.29 The enzyme horseradish peroxidase (HRP) encapsulated 
in different organically-substituted matrices exhibited varied enzymatic activities.38 
The appropriate porosity of the sol-gel matrix is needed for containing 
biomolecules and for mass transport of the reactants and products of the bio-catalyzed 
reactions. Mesoporous silica and organically modified silicate sol-gel materials have been 
synthesized via various surfactant39-40 or non-surfactant templating processes.41-42 For 
either enzyme-containing or enzyme-free silica sol-gel materials, their porosity may be 
fine-tuned by the use of neutral, biocompatible, non-surfactant, pore forming agents or 
templates.41-43 Similar to mesoporous silica gels, the enzyme-containing sol-gel materials 
have high surface areas, large pore volumes and network pore structure consisted of 
narrowly distributed mesopores. The pore parameters are tunable by changing the 
concentration of the extractable templates in the synthesis. The encapsulated enzymes, 
such as alkaline phosphatase (ALP), acid phosphatase (ACP) and horseradish peroxidase 
(HRP) in templated mesoporous silica matrices demonstrated much higher remaining 
activities and thermal stability than the non-templated microporous control samples 
prepared under the same conditions. With respect to the non-templated control, the 
improved activity of the templated samples might arise from reduced mass transfer 
limitations and less steric hindrance. 
In Chapter 2 and Chapter 3, we have explored the influence of the molar 
concentration of organosiloxanes in the modification of mesoporous silica, in this work, 
we extended our nonsurfactant templated sol-gel immobilization from pure inorganic 
silica matrix into organically modified silicate matrices. We postulated that mesoporous 
hybrid sol-gel materials would be better host matrix for enzyme encapsulation, compared 
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to the non-templated hybrid matrices with similar chemical compositions but with 
microporosity or no porosity. The functionality of the hybrid matrices, i.e. the 
microenvironment of the immobilized biomolecules, can be easily tuned by using 
appropriate organosiloxanes during the sol-gel process. Similar to the preparations of 
mesoporous silica gels, the porosity of the hybrid sol-gels can be tuned to some extent by 
the use of the nonsurfactant pore forming agents or templates.  
The aims of this work were to immobilize HRP in phenyl-modified mesoporous 
silicate sol-gel materials via the neutral non-surfactant templating approach, to evaluate 
the catalytic activity of the encapsulated enzyme, and to characterize the structure of the 
sol-gel materials. Here, we first report the synthesis and characterization of HRP 
encapsulated in mesoporous phenyl-modified silicate matrices in the presence of D-
fructose as the template. The hybrid matrices were obtained from HCl-catalyzed 
hydrolysis and co-condensation of TMOS with phenyltrimethoxysilane (PhTMS) 
(TMOS:PhTMS = 95:5 mol/mol) in the presence of 0-46 % by weight of D-fructose. HRP 
was chosen as an example because of its relatively low molecular weight (39.8 kDa) and 
size (Stokes radius 30.3 Å),48 its high catalytic activity and stability in a wide range of 
temperature and pH, its ability to catalyze the oxidation of a number of substrates by 
hydrogen peroxide,49,50 and its potential applications as biosensors or biocatalysts.  
One thing needed to be pointed out is that although HRP has been previously 
immobilized in sol-gel materials and evaluated with amperometric,20 chemiluminescent,59 
and spectrophotometric methods, most of them were in either wet gel or hydrogels20,59 
instead of in fully dried gels. An investigation focusing on the dependence of its property 
and behavior on the hybrid matrices having varied pore volumes and sizes is warranted. 
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In this study, the encapsulated HRP was assayed with a colorimetric method using 
phenol, 4-aminoantipyrine and hydrogen peroxide as the dye-generating compounds. The 
thermal stability, pH profiles, and activity dependence of HRP on the matrix pore 
parameters were also reported. The apparent activity of immobilized HRP was evaluated 
against that of the enzyme in solution for comparison, in order to elucidate the influence 
of immobilization on the protein molecules. The effect of the 
hydrophilicity/hydrophobicity of the microenvironment on the immobilized enzyme was 
also studied. 
 
4.2. Experimental Section 
 The direct immobilization of HRP in the phenyl-modified hybrid mesoporous 
silica matrix followed the similar synthesis protocol of the nonsurfactant-templated 
mesoporous silica materials mentioned in Chapter 2 and Chapter 3. After the hydrolysis 
of TMOS and PhTMS under acid catalysis, the template, fructose, was added to the 
homogeneous sol followed by the HRP containing sodium phosphate buffer solution. 
 
4.2.1. Materials 
Horseradish peroxidase (HRP, EC 1.11.1.7, Type II, 200 purpurogallin units/mg 
lot 16H9522), 4-aminoantipyrine (4-AAP), phenol (PhOH), D-fructose and sodium 
phosphate were supplied by Sigma (St. Louis, MO). Tetramethyl orthosilicate (TMOS, 
99 %), and phenyltrimethoxysilane (PhTMS, 97 %) were purchased from Aldrich 
(Milwaukee, WI). HCl was product of Fisher Scientific (Fair Lawn, NJ). Hydrogen 
peroxide (H2O2) was from Mallinckrodt, Inc. (Parts, Kentucky). The concentration of 
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H2O2 was determined by titration with potassium permanganate (KMnO4) which was 
standardized by using sodium oxalate in acidic solution. All chemicals and reagents were 
used as received without further purification. 
 
4.2.2. Preparation of HRP-Containing Hybrid Sol-Gels 
Immobilization of HRP in organically modified silica sol-gel materials in the 
presence of fructose followed similar procedures as described in Chapter 3, the HRP were 
added to the hydrolyzed precursors before the gelation. In general, TMOS and PhTMS 
were mixed with H2O and HCl to form the sol at room temperature. Then certain amount 
of fructose was added to the sol to obtain a homogeneous sol, followed by the addition of 
a buffered HRP aqueous solution. After gelation and drying, transparent, monolithic disk 
doped with HRP were obtained.  
In a typical procedure for the synthesis of an HRP-doped sol-gel sample denoted 
as HH46 (Table 4-1), TMOS (2.95 g, 19.4 mmol) and PhTMS (0.202 g, 1.0 mmol), in the 
molar ration of 95:5, were mixed with distilled H2O (0.70 g) and HCl (40 mM, 30 µl) in a 
flask under magnetic stirring at room temperature. Within a few minutes, the mixture 
became homogeneous, accompanied by the raise of temperature. After cool the mixture 
room temperature, 1.10 g fructose (dissolved in distilled water to make a 50 % solution, 
accounting theoretically for 46 wt% in the final dry biogel), was added under agitation. 
Upon cooling the mixture to about 0 °C, 1.0 ml of HRP solution, prepared by dissolving 
1.0 mg of the commercial HRP in sodium phosphate buffer solution (100 mM, pH 7.2), 
was added. The gelation is fast under this pH. After gelation, the sample was sealed with 
paraffin film with about 15 pin-holes to allow the further condensation and evaporation 
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of solvents and by-products of the sol-gel reactions (i.e., water and alcohol) overnight. 
The sample was then put in a vacuum oven and continually evacuated for three days at 
room temperature until constant weight reached (< 0.5 % in weight change in a 24-h 
period), giving 2.40 g transparent, millimeter-sized biogel disk. The solid gel was crushed 
into fine powder and stored in a -15 °C freezer for further characterizations. The detailed 
compositions of the samples synthesized in the presence of 0-46 % of fructose were 
summarized in Table 4-1. 
 
4.2.3. Characterization of the Sol-Gel Materials 
The percentage SiO2 in as-synthesized composite biogels was estimated from the 
weight loss at 750 °C using thermal gravimetric analysis (TGA). The N2 physisorption 
characterization on the powdered sample was conducted on a Micromeritics ASAP 2010 
surface area and pore-size analyzer (Micromeritics, Inc., Norcross, GA) at –196 °C. The 
template fructose was completely removed from the as-synthesized sample via water 
extraction at room temperature. The water-extracted sol-gel material was first dried in 
oven and then degased at 120 °C and 1 Pa overnight prior to N2 adsorption measurement. 
The pore structure parameters were calculated from the N2 adsorption-desorption 
isotherms by using the accompanying software provided by Micromeritics, Inc. The 
infrared (IR) spectra of both as-synthesized and water-extracted samples were recorded 
on a Perkin-Elmer 1600 FT-IR spectrophotometer (Norwalk, CT) with a resolution of 4 
cm-1 in the form of KBr powder-pressed pellets. 
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4.2.4. Activity Assay of Free and Immobilized HRP 
An adapted colorimetric method using PhOH, 4-AAP and H2O2 as the dye-
generating compounds has been employed to estimate the initial catalytic activity of free 
and immobilized HRP. The initial activity of HRP was determined from the absorbance 
change at 510 nm by using a UV-Vis spectrophotometer (Perkin Elmer Lambda 2, 
Norwalk, CT). A Spectronic 20 spectrophotometer (Milton Roy Co.) was also used for 
some immobilized samples. The absorbance increase was due to the formation of a 
colored compound, N-antipyryl-p-benzoquinoneimine, as illustrated in Figure 4-1. For 
free HRP, 1.0 mL of the enzyme solution (containing 4.0 × 10-4 mg or nominally 0.08 
units of HRP) was mixed with 2.0 mL of 4-AAP (2.46 mM)-PhOH (172 mM) solution at 
room temperature. After 15 min, 2.0 ml of H2O2-phosphate (100 mM, pH 6.5) solution 
was added to initiate the reaction, upon which the absorbance change with time was 
recorded. For immobilized HRP sol-gels, all samples were first washed thoroughly with 
dilute buffer solution before proceeding to activity assay according to the following 
procedure. The sample powder (3-7 mg, each containing 2.5 × 10-3 mg or nominally 0.50 
units of HRP) was weighed into a tube and 10 mL sodium phosphate buffer (10 mM, pH 
6.5) was added to soak the sample under agitation. After 1 h, the wash solution was 
separated from the solid by decantation after centrifugation. The washing procedures 
were repeated two more times at 1 h interval and the wash solutions (supernatants) were 
collected for enzyme activity assay. The HRP-containing gel was then evaluated for the 
apparent activity following the same procedures as for the free enzyme except 
substituting the enzyme solution with 1.0 mL of distilled H2O. 
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The activity dependence of HRP on the bulk hydrogen peroxide concentration in 
the range of 0.1 - 8.0 mM was conducted at pH 6.5. The Lineweaver-Burk plot was used 
to calculate the Michaelis constant (Km) and the maximal velocity (Vm). 
The effect of the pH (in the range of 4.5-9.1) on the activity of free and 
immobilized HRP was studied at a fixed concentration of hydrogen peroxide, [H2O2] = 
2.0 mM. Sodium phosphate buffer (40 mM) was used to obtain all pH values. The 
enzyme-containing sol-gel samples were washed according to the above procedures prior 
to the assay of HRP activity. 
To assess the efficiency of encapsulation or the amount of unbound, loosely 
trapped, leached or surface absorbed HRP in as-synthesized biogels, the wash solutions, 
collected before the activity assay for immobilized samples according to the above 
procedures, were assayed for HRP activity in the same way as for the free enzyme in 
solution. Here we assumed that HRP activity was not altered by the immobilization 
procedures or in the presence of minor amount of other chemicals (fructose, etc.). 
Enzyme leakage from the biogel during the activity assay process was also estimated 
from the absorbance change of the assay solution. The solution was separated from the 
sol-gel upon completion of the assay. 
Thermal stability of free and immobilized HRP was estimated from the remaining 
activity after a thermal treatment between 60 °C and 80 °C, in comparison with the activity of the 
same sample without the treatment. The thermal treatment was conducted as follows. For an 
immobilized HRP sol-gel of a few milligrams, 1.0 mL of H2O was added to the sample 
powder after the typical washing procedures. For free HRP, 1.0 mL of dilute HRP 
aqueous solution was used directly. The sample-containing tubes were sealed with 
paraffin film and put into a 60 °C water bath for 30 min. Immediately after removing 
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them from the warm water bath, the tubes were replaced in a room temperature water 
bath. Then, both free and gel-immobilized samples were assayed for remaining activities 
by following the general procedures at pH 6.5 (40 mM sodium phosphate) and [H2O2] = 
2.0 mM. However, before proceeding to the activity assay the thermal-treated sol-gel 
samples were separated from the aqueous phase in order to avoid any activity 
contribution from possible enzyme leaching from the powder during the thermal 
treatment. The supernatant was collected by decantation after centrifugation and 
estimated for any enzyme activity. 
In all the activity assay experiments, both 4-AAP-PhOH and H2O2-phosphate 
solutions were freshly prepared daily before the assay, the concentrations of 4-AAP and 
PhOH were fixed at 2.46 mM and 173 mM, respectively. 
 
4.3. Results and Discussion 
4.3.1. Preparation of Enzyme-Containing Hybrid Sol-Gels 
The neutral non-surfactant templating approach to the synthesis of mesoporous, 
biomolecule-doped, sol-gel materials is versatile in terms of enzymes, templates, and 
matrix compositions. This is exemplified by the encapsulation of HRP in phenyl-
modified silica matrices using fructose as the pore forming agent or template. Detailed 
compositions of the HRP-containing samples prepared in the presence of 0-46 wt% of 
fructose were summarized in Table 4-1. 
Similar to other bio-encapsulations in silica sol-gels, the preparation of HRP-
containing, organic-inorganic composite sol-gel materials was accomplished simply by 
adding the enzyme with fructose into the TMOS and PhTMS-derived liquid sol before 
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gelation occurred, followed by aging and drying the gel to yield the transparent, 
monolithic enzyme-containing materials. In the synthesis, after mixing all the 
components together in the sol state and before gelling, the sol was a homogeneous, 
viscous fluid and took the shape of the container. At this stage, it was possible to make 
sol-gel samples in different geometric forms and sizes. The gelation time was shortened 
significantly by the addition of the template and the buffered enzyme solution which 
raised the pH of the mixture. The process for aging and drying the gel could also be 
accelerated by using vacuum evacuation of the solvents and byproducts of the sol-gel 
reactions without causing severe sample cracking which often occurs in a template-free 
system. This might be attributed to the reduced volume shrinkage during sample drying 
process. It was practical to complete the sample preparation within 2-3 days with 
accelerated evacuation of solvents and by-products from the bulk samples, even though 
about 1 week was allowed for the samples to reach constant weight (< 0.5 % weight 
change in 24 h). It is noted that no attempt was made to remove the moisture completely 
from the sol-gels since it was neither necessary nor beneficial to the entrapped enzyme. 
Nonetheless, the as-synthesized sol-gels did not show any change in catalytic activity 6 
months after preparation, indicating good stability of the materials and completion of the 
sol-gel reactions. This is contrast to the encapsulation of enzymes in hydrogels or air-
dried gels whose properties changed with aging, drying, and storage conditions.6,10 
Organic modification of the silica matrix through the co-condensation of TMOS 
and organosiloxanes has been studied. It was observed that with higher ratios of alkyl-
substituted silanes, the resulting materials were translucent or white opaque. Results in 
Chapter 3 showed that with PhTMS molar ratio less than 10 %, transparent, mesoporous 
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hybrid silica matrix can be obtained as the template content greater than 42 wt%. In order 
to obtain optically transparent host matrices for HRP immobilization, a relative low 
proportion of PhTMS (5 mol%) was co-condensed with TMOS. All the samples, 
synthesized in the presence of 0-46 % of fructose, were homogeneous and transparent to 
visible light, indicating the absence of macroscopic phase separation or template 
expulsion. In addition, the enzyme molecules were uniformly dispersed throughout the 
entire sample, as evidenced by the facts that any small amount of sample (a few 
milligrams) taken for assay from the whole preparation had actually the same activity and 
that the colored product formed in the assay was uniformly dispersed in the gel. 
 
4.3.2. Hybrid Silicate Matrix Structures 
The pore microstructure parameters of the host hybrid sol-gel materials were 
characterized by nitrogen adsorption-desorption at -196 °C. The porous hybrid matrices 
were obtained by removing fructose from as-synthesized composite sol-gel materials with 
water extraction under ambient conditions. As the concentration of fructose increased, the 
N2 adsorption-desorption isotherms of the resultant hybrid matrices transformed 
gradually from reversible Type I to Type IV-like with H2 hysteresis, indicating the 
transition of the matrix pores from essentially micropores to mesopores (Figure 4-2). The 
presence of the H2 hysteresis loop was typical of the mesoporous silica materials 
prepared via the neutral nonsurfactant templating pathway. It was considered attributable 
mainly to the presence of interconnecting pore network and ink-bottle pore structures of 
the matrix, as discussed in detail previously.67-68 
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The pore size distributions (PSD) were obtained by plotting differential volume 
against pore size for the desorption branches of the N2 adsorption-desorption isotherms 
according to the Barrett-Joyner-Halenda (BJH)68 method with the Halsey equation for 
multilayer thickness (Figure 4-3). The matrix pore diameters generally increased with 
increasing concentration of fructose in the synthesis, similar to the enzyme-free sol-gel 
silicas.42 The non-templated HRP-containing sol-gel was essentially microporous, having 
very small pore volume and pore size (Figure 4-3 and Table 4-1). However, both 
micropores and mesopores contribute to the porosity of the templated sol-gels. With 
increasing fructose concentration, mesopores became dominant. For the sample with 46 
wt% of fructose (HH46 in table 4-1), the hybrid matrix was mesoporous with a specific 
surface area of ~800 m2 g-1, pore volume of ~0.5 cm3 g-1 and BET average pore diameter 
of ~25 Å. Moreover, another non-templated, enzyme-free, hybrid sol-gel sample was 
prepared to investigate the effects of the enzyme molecules and sodium phosphate buffer 
on the pore structures of the matrix. The pure sol-gel was derived directly from the HCl-
catalyzed TMOS-PhTMS sol without adding either the enzyme or fructose solution. The 
results showed that this sample was microporous sol-gel with even smaller surface area 
and pore volume (HH-control in Table 4-1). It seemed that the addition of the buffered 
HRP solution slightly increased the porosity of the sol-gel matrix. However, when high 
concentrations of the template were employed, the template determined the matrix pore 
structures of sol-gel materials.42,44 
Here we speculate that both fructose and the enzyme participate in the sol-gel 
reactions leading to the formation of the composite sol-gel materials. In the synthesis of 
the sol-gel matrix, both the pore forming organic molecules and the HRP 
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macromolecules act as templates directing the formation of the silica cage or network. 
The interactions between the growing intermediate silicates and the templates include 
principally hydrogen bonding and van der Waals forces for the neutral pore forming 
agent, plus possible electrostatic forces with the charged groups on the protein surface. 
When both low molecular weight neutral template and enzyme are incorporated into the 
sol, the neutral template molecules alone not only direct the mesophase formation around 
their aggregates or assembly of the aggregates,43 but also join the protein molecules in 
forming the same pores or cages in which the biomolecules reside. Previous work44 
revealed that as-synthesized glucose-templated silica sol-gel materials behaved as a 
nonporous solid without internal voids detectable by the N2 sorption measurements when 
glucose concentration was in the range of 36-64 wt %, and the net BET surface area or 
pore volume increased linearly with glucose concentration up to more than 45 %. 
Removing the template afforded the sol-gel mesoporosity. As for sol-gel bio-
encapsulation, mesoporous matrices provided the enzyme with not only numerous 
channels or access to the reactants, but also ample surrounding space to accommodate 
solvents or reactants. The co-existence of the enzyme and the template in the same 
cavities provided the enzyme molecules with ample space upon removing the template. 
The free space around HRP was needed for the conformational changes during the 
enzyme-catalyzed reactions. Also, the enzyme molecules entrapped in larger pores have 
greater mobility than those do in smaller pores. The interactions between the inner wall 
surface of the matrix and the entrapped enzyme may become stronger when the 
surrounding cavity becomes smaller. The neutral template practically determines the 
mean pore size or total pore volume of hybrid matrices because of its high concentrations 
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with respect to the enzyme. In brief, adding templates in the synthesis rendered sol-gel 
matrices with large pore diameters, resulting in easy mass transport through the matrix 
and ample free space around the encaged enzyme for conformational change. The 
dependence of the matrix pore parameters on the template may explain why the apparent 
activity of HRP changed with glucose concentration. That is, the difference in the 
apparent activity of immobilized samples was not likely caused by the presence of 
glucose in the assay system or by varied extent of deactivation during sample 
preparations. It was the host matrix that essentially determines the activity of each 
encapsulated HRP sample. It is noted that all the HRP-containing sol-gel samples were 
prepared under the same conditions except that varied amount of fructose was added in 
the synthesis and was completely removed later before the activity assay. 
In many aspects, the neutral nonsurfactant templating pathway to mesoporous 
host sol-gel materials is advantageous over conventional sol-gel processes for 
immobilizing enzymes and other biological substances. For the resultant mesoporous sol-
gel materials with type IV isotherms, the BJH adsorption pore size distributions may 
reflect the cavity size distributions, while the desorption pore size distributions may 
correspond to the throat size distributions.67 The combination of large cavities with 
appropriate throat sizes with narrow distributions is advantageous for the immobilized 
enzymes. The narrowly distributed throats of the matrix are very effective in preventing 
the entrapped enzyme from leaching out of the host, especially when the cavity sizes are 
large. It also restricts any long-range migration of the protein macromolecules through 
the matrix and thus prevents their aggregation. Moreover, the matrix protects the trapped 
enzyme from any attack of proteases or bacteria from outside the matrix.  
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4.3.3. Infrared Spectroscopy and TGA Measurement 
Before N2 sorption characterizations, fructose was completely removed from the 
composite sol-gel materials, as evidenced by the infrared spectra of as-synthesized and 
water-extracted samples (Figures 4-4 and 4-5). The infrared spectra of both as-
synthesized and extracted hybrid sol-gels exhibited the major absorption bands associated 
with network Si-O-Si vibrational modes at ~460, 790, 1080, and 1220 cm-1, along with 
Si-OH asymmetrical stretching at ~960 cm-1 and SiO-H stretching at 3400 cm-1.10 The 
intensity of the band at ~2940 cm-1 for C-H stretching of the fructose component in as-
synthesized sol-gels increased with fructose concentration. This band disappeared after 
water extraction, indicating complete removal of the templates from the samples. In 
addition to the above absorption bands typical of templated silica gels, the hybrid gels 
had additional absorption bands at ~700, 740 and 1430 cm-1, relative to the presence of 
phenyl group in the matrix. These bands were still present in the infrared spectra of the 
water-extracted sol-gels, indicating good co-condensation of the precursors and stable 
linkage of phenyl groups to the silicate network. These bands were absent after the sol-
gels were calcined in the air at 750 °C. 
The contents of SiO2 in as-synthesized sol-gel samples found from TGA 
measurements were close to the calculated values based on the compositions of the initial 
feeding materials assuming complete sol-gel reactions (Table 4-1). The small discrepancy 
may be due to incomplete removal of moisture from as-synthesized samples. 
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4.3.4. Effect of H2O2 Concentration on HRP Activity 
Similar to the free enzyme, the apparent catalytic activity of immobilized HRP 
depends on the concentration of H2O2 in the assay solution. In this work. The substrate 
concentration, [H2O2], ranged from 0.1-8.0 mM. Figure 4-6 was the substrate dose-
response plot for free HRP in solution at pH 6.5 and room temperature. The initial 
activity of free HRP increased rapidly with [H2O2] until it reached a maximum at [H2O2] 
= 1.0 mM, it then decreased remarkably as the [H2O2] increased further. This “H2O2 
inhibition effect” was well known in the free HRP. The inset in Figure 4-6 gave the 
corresponding Lineweaver-Burk plot which clearly exhibited substrate inhibition by 
showing apparent deviation of the data from linearity at higher concentrations of H2O2.  
For immobilized HRP, the apparent activity also increased with [H2O2] first and 
then began to decrease at even higher [H2O2] (Figure 4-7). But, the activity change with 
[H2O2] of the immobilized samples was not as rapidly as that of the free enzyme. It 
showed strong dependence on the content of fructose in as-synthesized sol-gels, The 
samples synthesized in the absence or low concentration of the template needed relatively 
higher concentrations of H2O2 to reach the maximum activities. The immobilized HRP 
sample also started showing substrate inhibition effect at relatively higher concentration 
of H2O2. Overall, with increasing concentration of fructose in as-prepared sol-gels, the 
kinetic behavior of the entrapped HRP moved closer to that of the free HRP in solution. 
Their corresponding Lineweaver-Burk plots, from which the kinetic parameters are 
derived, also displayed good linearity over a wider range of H2O2 concentration (Figure 
4-8). 
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The Michaelis-Menten equation, or in its modified forms, originally developed for 
the homogeneous system has often been used to characterize the catalytic properties of 
immobilized enzymes in the heterogeneous systems. The apparent Michaelis constant 
(Km) and maximal velocity (Vm) for free and immobilized HRP were calculated using the 
initial activity data according to the Lineweaver-Burk plots (Figures 4-8) and 
summarized in Table 4-1. The Km and Vm values were derived from the experimental 
data at lower concentrations of H2O2 by using linear regression with correlation 
coefficients of R2 > 0.99. The Km values revealed that sol-gel entrapped HRP needed 
higher [H2O2] to reach the maximal activity than the free enzyme. Compared to soluble 
enzymes, the observed larger Km values were one of the characteristics of sol-gel 
immobilized enzymes, this was considered to result from reduced affinity of encaged 
enzymes for their substrates12,52 or from internal diffusion resistance.16 Compared to free 
HRP, the lowered apparent activities of the entrapped enzyme were attributable to 
deactivation, diffusion limitations, steric hindrance, or lowered accessibility associated 
with sol-gel immobilization. 
A few factors may account for the differences in substrate dose-response behavior 
between free and immobilized HRP. Most probably, the concentration of H2O2 as well as 
other reactive species participating in the enzymatic reactions within the gel matrix is 
significantly lower than that in the bulk solution due to internal diffusion limitations 
within the gel particulate. When the concentration of H2O2 is high enough to cause 
apparent inhibition of the free enzyme in solution, the local concentration of H2O2 in the 
vicinity of the active sites of the entrapped HRP molecules within the particulate is not. 
This is because the supply of H2O2 by passive diffusion through the gel nanopores does 
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not compensate its consumption by the entrapped enzyme. A concentration gradient of a 
reactant across the gel radius may also be present. Although the inhibition effect was also 
evident at higher [H2O2], the decrease of HRP activity with increasing [H2O2] was slower 
for the immobilized sample than for the free enzyme. Previously studies indicated that the 
movement of relatively small molecules within the silica sol-gel matrix was severely 
retarded.62-63 Another possibility is that the conformational change and kinetics of the 
encaged protein molecules in a constrained microenvironment are deviated from that of 
the native protein in solution,63-64 due to possible interactions of the protein molecules 
with the surrounding matrix pore walls.65 
It should be pointed out here that the determination of the rate of formation of the 
colored product, quinoneimine, is difficult in the heterogeneous assay system. The rate 
was derived from the absorbance change of the aqueous solution. Due to relatively high 
enzyme activity, strong adsorption of the colored product on the silicate matrix and its 
hindered diffusion from inside the gel to the aqueous assay solution,52 the estimated 
activity that was based on the product concentration in the aqueous phase would 
definitely underestimate the actual activity of immobilized HRP. Thus, quantitative and 
accurate estimation of the intrinsic activity of the immobilized HRP is very difficult, if 
not impossible. Nevertheless, the kinetic data still clearly displayed the dependence of the 
HRP activity on fructose concentration. 
 
4.3.5. Correlation between the Pore Structure and Activity of Immobilized HRP 
The apparent activities of the immobilized HRP samples were closely related to 
the pore structures of the silica matrix, which in turn are adjustable by the content of 
124 
template, fructose in this case, to some extent. The control sample HH0 prepared in the 
absence of fructose exhibited extremely low activity, while the HRP-containing hybrid 
gels synthesized in the presence of 33-46 % of fructose (HH33, HH38, HH46) exhibited 
drastically improved activities, up to two orders of magnitude greater than that of non-
templated control (HH0). The initial activity of immobilized HRP increased with 
increasing concentration of fructose. Under the assay conditions employed, the apparent 
activity of the sample HH46 was 63 unit mg-1 min-1 at [H2O2] = 2.0 mM, greater than 18 
% of the maximum activity of free HRP. It should be pointed out that the results reported 
here are to serve as an example to demonstrate the advantages of the templated bio-
encapsulation preparations over convention non-templated sol-gel immobilization. In 
order to achieve a higher apparent remaining activity, further work is needed to optimize 
the sol-gel chemical compositions, synthesis conditions, and assay methods. The 
experimental data revealed that the difference in remaining activity among the 
immobilized HRP samples was not likely due to different degrees of irreversible 
denaturation of the enzyme. Instead, it was most likely related to the pore structure 
parameters of the host matrices which had varied degrees of retarded diffusion and steric 
hindrance, leading to different apparent activities. 
 
4.3.6. pH Profiles of Free and Immobilized HRP 
The HRP-containing sol-gel samples were examined for their activity dependence 
on the pH in the range of 4.5-9.1. Free HRP also was studied for comparison. Figure 4-9 
showed the change of the apparent activities with pH, along with a representation after 
normalization for clarity (Figure 4-10). Free HRP had an optimum of pH 6-7.5, which 
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was in good agreement with the literature value of pH 6-7.60 The immobilized samples, 
different to some extent from the free enzyme, showed their respective pH optima. They 
maintained relatively high activities over a wide pH regime above 6. But below pH 6, 
their activities dropped rapidly as the pH decreased, especially for the non-templated 
control HH0. The templated samples displayed similar activity dependence on pH. 
With respect to free enzymes, sol-gel-immobilized enzymes often exhibit 
different optimal pH and pH activity profiles.12 We postulate that a few factors may 
account for the shifting in optimal pH of the immobilized HRP. First, it may reflect the 
degree of interactions between the guest enzyme molecules and the host sol-gel matrix. 
Secondly, it is possible that the actual pH in the vicinity of the active site of the encaged 
HRP was different from the pH of the buffered assay solution. As will be shown in 
nitrogen sorption measurements, the sol-gel matrix had increasing pore sizes and volumes 
as the concentration of the template increased in as-synthesized materials, similar to the 
porosity change in those enzyme-free silica materials prepared via this templating 
pathway.41-42 The templated hybrid mesoporous matrices with large pore sizes and 
volumes may provide the encaged enzyme molecules with a microenvironment somewhat 
closer to the bulk solution than the non-templated control. The matrix with large pore 
diameters relative to the dopant may have relatively weak interactions with the protein 
molecules. We speculate that at the ratio of PhTMS to TMOS used, the inner pore 
surfaces of the hybrid matrices have both hydroxy groups and phenyl groups. Thus, the 
wall surface of the hybrid matrix would be negatively charged in the above pH range, 
similar to silica sol-gels.65 The templated mesoporous hybrid matrix would have weaker 
influence on the HRP molecules than the non-templated microporous control. These 
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observations were in agreement with previous work using a series of acid-base indicators 
to probe the local pH inside sol-gel materials. It was indicated that the pH in the pore 
could be up to one pH unit lower than that in the aqueous buffer solution.66  
 
4.3.7. Thermal Stability and Folding/Unfolding of HRP in Caged Silica Matrix 
The experimental results showed that the activity of a dilute aqueous solution (0.4 
µg/ml) of HRP remained unchanged at 5 °C for over three months. However, the activity 
of this HRP solution dropped rapidly at 60 °C. It retained about 50 % of its original 
activity after heated in a 60 °C water bath for 30 min before assayed at room temperature. 
In contrast, after the same thermal treatment, all the immobilized HRP samples retained 
practically their full activities (Table 4-1 and Figure 4-11), using the corresponding 
samples without the thermal treatment as references. There was no significant difference 
in the thermal activity among the immobilized samples whether or not the template was 
used in producing the sol-gels (Table 4-1).  
Compared to the free enzyme, remarkably improved thermal stability of sol-gel 
immobilized HRP may be the result of reduced deactivating or denaturing thermal motion 
of the protein molecules in the restrained host cages during the thermal treatment.20 The 
restricting local environment helps the protein molecules maintain in their active state 
when they are subject to higher temperatures. Significant improvement in thermal 
stability of enzymes upon immobilization in sol-gel materials was widely observed.3,12-20 
To test the folding/unfolding (or relaxation) of the immobilized enzyme 
molecules in the caged environment, we treated immobilized HRP under 65 °C 
repeatedly for 5 cycles. For each cycle, both free and immobilized enzyme were 
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thermally treated under 65 °C for 15 min, the samples were then cooled immediately in 
cold water bath for 1 minute, after the samples reach room temperature, activity assay 
were conducted as the procedure described previously. The results (Figure 4-12) showed 
that for the immobilized enzymes, the decrease of activity is much slower than that of 
free enzymes, which suggest that after immobilization in the mesopores, the enzyme 
molecules can refold back to its active site after thermal treatment to some extent. While 
for the free enzymes in solution, because of the long-range migration and aggregation, 
the HRP molecules can not refold completely back after cooled down to room 
temperature, which resulted in irreversible denature and drastic decrease in enzymatic 
activity. Further investigation of the cage effect on the protein folding/unfolding is 
currently underway in our lab. 
 
4.3.8. Enzyme Leakage 
The assay of the enzymatic activity in the wash solutions may give the efficiency 
of encapsulation or the relative amount of unbound, loosely trapped, leached, or surface 
absorbed HRP in as-synthesized biogels. The wash solutions were obtained from washing 
the powdered as-synthesized samples with sodium phosphate buffer and collected before 
the assay according to the previously mentioned procedures. The results showed that 
there was little enzymatic activity in the wash solutions. Hence, HRP was practically 
entrapped completely in the hybrid matrices, even for the sample containing 46 % of 
fructose and having relatively large matrix pore diameters (Table 4-1). Furthermore, 
complete entrapment of HRP within porous matrices, instead of surface absorption, was 
supported by the observations that no enzyme activity was found in the assay solution 
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once it was separated from HRP-containing gels at the end of the assay. The pH of the 
solutions spanned from 4-9 in the pH activity assays, which included the pH above the 
isoelectric point of HRP, pI = 7.2.60 Above the pI of HRP, desorption of the enzyme from 
the hybrid matrix, or dopant leaching, would occur if HRP was simply surface adsorbed 
rather than entrapped inside the silicate matrix, since both the matrix and the protein 
molecules would be negatively charged. In addition, after the immobilized samples were 
treated with water at 60 °C for 30 min, no activity was found in the aqueous solutions, as 
previously noted. 
It is important to ensure that no dissolved or free enzyme is present in the assay 
system while evaluating an immobilized enzyme activity, otherwise the dissolved 
enzyme will give higher but false remaining activity. The results on enzyme leaching 
tests demonstrated that the templated sol-gel bio-encapsulation led to complete 
encapsulation of HRP in hybrid matrices without enzyme leakage. The relatively small 
template molecules were readily removed from the composite gels by water extraction. 
However, the protein macromolecules could not diffuse out of the porous matrix, even 
though both the enzyme and the template were physically entrapped in the pores of the 
sol-gel materials without forming primary bonding with the sol-gel network. It was not 
surprising because HRP has a Stokes diameter of 60.6 Å48 which is larger than the pore 
diameter of the hybrid matrix. 
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4.4. Conclusions 
HRP was successfully immobilized in phenyl-modified hybrid mesoporous 
silicate sol-gel materials via the hydrolysis and co-condensation of TMOS and PhTMS in 
the presence of a neutral non-surfactant template, fructose. The HRP-containing sol-gels 
had excellent thermal stability and high apparent catalytic activity over a wide range of 
pH. The apparent activity of entrapped HRP was closely associated with the 
concentration of fructose in as-synthesized sol-gels. The mesoporous silica matrix, with 
pore parameters tunable by adding varied amount of fructose, not only effectively 
retained the enzyme without leaching, but also reduced mass transfer of the substitute 
into and product out of the matrix. As a result, HRP immobilized in templated 
mesoporous matrices showed significant enhancement of the apparent activity, which 
was two orders of magnitude greater than that of the non-templated, conventional 
microporous silica materials synthesized without adding the template.  
This new route of immobilization of enzymes by entrapment in sol-gel-derived 
hydrophobic mesoporous silica has many advantages over conventional sol-gel 
immobilizations and turned out to be versatile in terms of enzymes, templates and 
chemical composition of precursors. By optimizing the synthesis condition, dramatically 
increase in enzyme activity in an organic medium relative to the use of suspensions of the 
same catalysts under otherwise identical conditions can be achieved. Further studies on 
the immobilization of lipophilic enzymes in hybrid mesoporous sol-gel materials with 
higher proportions of organically modified precursors and different templates are 
currently in process. 
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4.5. Immobilization of alcohol dehydrogenase (ADH) in sol-gel materials 
 Alcohol dehydrogenase (ADH, E.C. 1.1.1, from Baker’s Yeast, MW 141,000) is 
an oxidoreductase enzyme which utilize a soluble nicotinamide adenine dinucleotide 
cation (NAD+) as a cofactor.69 It makes possible for humans to drink beer, wine, and 
other alcoholic beverages. However, its "real" function is thought to be the conversion of 
alcohol generated by bacteria in the intestine to other metabolic products. The molecule is 
a dimer made either of two identical or two different chains. Our initial efforts have 
focused on extending our nonsurfactant-templated sol-gel process to the encapsulation of 
ADH and ADH/NAD+. 
The synthesis of ADH-containing sol-gel materials followed the general 
procedures for enzyme immobilization as described above, fructose is used as the 
template, its content varies from 0 to 60 wt%. Typically, 20.4 mmol TMOS, 0.7 g 
distilled H2O were added together with 30 µL 40 mM HCl. After 30 minutes, certain 
amount of aqueous fructose solution was added to the pre-hydrolyzed sol to yield the sol-
gel materials that would consist of 0 to 60 wt% fructose. Upon cooling the mixture to 
about 0 °C, 1mg ADH, or 1 mg ADH/7.5×10-3 mol NAD+, dissolved in 1mL sodium 
phosphate buffer (0.1M, pH 7.5) solution, was added and form a homogeneous sol, after 
gelation, the samples were covered with paraffin film with 15 pin-holes to let the 
evaporation of the solvent and by-product. After drying the sample in the hood then in 
vacuum oven until no further weight loss, the samples were grinded into powder for 
further characterization. 
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The activity of both free and immobilized ADH can be assayed by monitoring the 
increase in the absorbance at 340 nm due to formation of NADH during the oxidation of 
alcohol to aldehyde.60 
RCH2OH + NAD
+ NADH H+
ADH
+RCHO +  
For the activity assay of free ADH, pipette 1.5 mL 0.1 M pyrophosphate buffer, 
0.5 mL 2.0 M ethanol, 1.0 mL 0.025M NAD+ in a cuvette, after incubate the mixture in 
spectrophotometer for 3~4 min at 25 ˚C to achieve temperature equilibrium and establish 
blank rate. At zero time add 0.1 mL of appropriately diluted ADH solution to the cuvette 
and record the absorbance change at 340nm for 3~4 min. For immobilized ADH, the 
sample was first extracted with phosphate buffer (50 mMol, pH 7.0) three times at 
interval of 1 hour as described previously, followed by the addition of 1.5 mL 0.1M 
pyrophosphate buffer, and 1.0 mL 0.025 NAD+, after incubate the mixture for 3~4 min, 
0.5 mL 2.0 M ethanol was added to initiate the reaction. 
Our preliminary results showed that although the ADH molecules are successfully 
immobilized in the mesoporous silica matrix, the apparent activity of immobilized ADH 
remains close to zero. We postulated that this might come from the following several 
reasons: first, the cofactor NAD+/NADH molecules are too big to diffuse into and out of 
the silica matrix, which made the measurement of the absorbance of NADH in solution 
very tricky, second, the silica powder places the interference during the absorbance 
measurement, third, the released methanol during the sol-gel reaction might have 
detrimental effect on the ADH molecules. In light of this, another technique which does 
not involve the methanol is use the silicate instead of the siloxane as the precursor. As the 
reduced form of the cofactor (NADH) is an excellent absorber at 340 nm and an efficient 
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light emitter at 450 nm, fluorescence measurement of suspension ADH/NAD+-containing 
powder might be more suitable. Further investigation of the encapsulation and 
characterization of ADH in mesoporous sol-gel materials as their potential application as 
the alcohol sensor and fast-relief of drunkenness in case of emergence is still underway in 
our group. 
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Table 4-1. Compositions and Properties of HRP-Containing Hybrid Sol-Gel Materials 
SiO2 (%)b Vmc Kmc encapnd
thermal 
stabilitye
SBETf VSPg DBEThsample 
ID a 
calcd found unit mg-1 min-1 mmol L-1 % (%) m2 g-1 cm3 g-1 Å 
HH0 94 88 0.10 0.16 98.2 100.5 520 0.29 22.4 
HH33 64 62 31 1.3 99.4 98.4 770 0.46 23.9 
HH38 59 58 160 2.7 98.7 97.9 770 0.46 23.3 
HH46 52 51 240 3.1 99.6 99.9 800 0.52 25.3 
HH-
Cont. 
94 89     120 0.08 27.0 
Free 
HRP 
  510 0.43  53.8    
a HH series were the HRP-containing samples, HH-Cont is the control sample without 
enzyme. The number following the two letters denotes the theoretical percentage by 
weight of fructose in the final product assuming complete conversion of the precursors of 
PhTMS and TMOS (0.05:0.95, mol). b The content of fructose in the product calculated 
according to the composition of starting materials and found by TGA. c The Vm and Km 
values were obtained from the Lineweaver-Burk plots by using initial velocity at [H2O2] 
= 0.1-1.0 mM. d Percentage encapsulation was estimated from the activity of the wash 
solutions collected from washing immobilized sol-gels before assaying. e Remaining 
activity of the sample after heated at 60 °C for 30 min. f Specific surface area from the 
BET method. g Pore volume obtained at relative pressure P/Po ≈ 1. h Pore diameter from 
the BET method (4V/S). 
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Figure 4-1. HRP catalyzed reaction during the activity assay, λmax=510nm. 
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Figure 4-2. N2 adsorption-desorption isotherms at -196 °C for the water-extracted hybrid 
sol-gel matrices synthesized in the presence of 0-46 wt % D-fructose. Control sample is 
synthesized from the TMOS/PhTMS without adding the template and enzymes. 
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Figure 4-3. The BJH desorption pore size distributions from the N2 desorption isotherms 
for the HRP-containing hybrid sol-gel samples synthesized in the presence of 0-46 wt % 
D-fructose. 
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Figure 4-4. Infrared spectra of the as-synthesized HRP-containing hybrid sol-gel 
materials (a) HH0; (b) HH33; (c) HH38; (d) HH46.  
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Figure 4-5. Infrared spectra of the water-extracted HRP-containing hybrid sol-gel 
materials: (a) HH0; (b) HH33; (c) HH38; (d) HH46 and (e) the sample HH46 after 
calcination at 750 °C in the air. 
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Figure 4-6. Effect of the concentration of hydrogen peroxide, [H2O2], on the activity of 
free HRP. Inset was the Lineweaver-Burk plot. 
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Figure 4-7. Effect of the concentration of D-fructose on the apparent activity of the hybrid 
sol-gel-immobilized HRP. 
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Figure 4-8. Effect of the concentration of D-fructose on the apparent activity of the hybrid 
sol-gel-immobilized HRP. The straight lines on the Lineweaver-Burk plots were the best 
fit using linear regression from which the Vm and Km values were derived. 
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Figure 4-9. Effect of the pH on the activity of free and hybrid sol-gel-immobilized HRP 
samples synthesized in the presence of 0-46 wt % D-fructose. 
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Figure 4-10. Effect of the pH on the activity of free and hybrid sol-gel-immobilized HRP 
samples synthesized in the presence of 0-46 wt % D-fructose after normalization. 
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Figure 4-11. Thermal stability of free and immobilized HRP. Samples were treated under 
25-80 °C for 30 minutes; the activity of HRP under room temperature is 100%. 
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Figure 4-12. Thermal stability of free and immobilized HRP. Samples were treated under 
65 °C for 15 minutes each cycle for 5 cycles. Activity of free and immobilized HRP 
under room temperature is 100%. 
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Chapter 5 Simultaneous Immobilization of Horseradish Peroxidase (HRP) and 
Glucose Oxidase (GOx) in Mesoporous Sol-Gel Materials  
 
5.1. Introduction 
In 1990, Avnir1 and co-workers first reported direct immobilization of enzyme 
alkaline phosphatase (ACP) in an inorganic silica matrix via the sol-gel process, since 
then, encapsulation of enzymes and other biomacromolecules in sol-gel materials has 
drawn great interest because of the various potential applications of such materials in 
optical and electrochemical sensors, diagnostic devices, catalysts, drug release vehicles 
and even bioartificial organs.2-4 Enzymes, proteins, antibodies, antigens, virus, bacteria, 
and even whole plant and animal cells have been immobilized in various ceramic or glass 
matrices in the form of fibers, thin films, monoliths or granules.5-24 However, the 
apparent activity of an entrapped enzyme is often hindered by internal diffusion, and 
sometimes, by reduced accessibility in non-templated microporous sol-gel matrixes, with 
pore diameters typically < 15 Å, even if the synthesis is optimized to preserve the labile 
biomolecules.4,5,25-27 
The critical significance of bioimmobilization is evident from the fact that many 
commercial bioprocesses rely on immobilized catalysts, for example, for the production 
of glycerides, phospholipids, peptides, amino acids, high-fructose corn syrup, antibiotics 
and a range of pharmaceuticals and chiral intermediates.3 Likewise, clinical, industrial, 
environmental and home-use biosensors for detecting and/or monitoring sugars, lactate, 
ascorbate, amino acids, serols, antigens ammonia, nitrogen monoxide, food toxins, 
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pesticides and pathogens and recently developed RNA, DNA and protein biochip 
technologies all depend on precisely fabricated bioimmobilization.3 
The encapsulated enzymes retain the same functionality but usually have higher 
thermal,1,9-13 storage and operational stability1,14 in comparison with their counterparts in 
solution.  One of the advantages of using sol-gel materials for mechanical entrapment of 
enzymes is that they permit stabilization of tertiary structure of protein molecules, 
because of their tight gel structure. Another advantage is the easy insertion of substitute 
groups into a silicate matrix which may provide the entrapped enzymes with beneficial 
microenvironments. The protective action of the sol-gel cage also prevents leaching and 
contribute to the stabilization of enzymes against thermal inactivation resulting from their 
unfolding.12 In several cases enzyme activities approaching 100 % were observed, but 
recyclability of these biocatalysts turned out to be inefficient. Moreover, the transparency 
of sol-gel matrices makes them suitable for the optical detection of colored reactions.  
 Recently, chemically inert inorganic oxide sol-gel materials with negligible 
swelling effects, tunable porosity and high purity have emerged as a new class of host 
matrices that are well suited for immobilization of biomolecules under room temperature 
(or low temperature) conditions. Since 1992, a great number of papers have also been 
published on surfactant-templated mesoporous or nanoporous materials.  Various ionic 
and nonionic surfactants have been used as the templates. Mesoporous sol-gel materials, 
such as the MCM-41 molecular sieves and the like,16-17 are among the ideal host matrixes 
for immobilizing enzymes because of their large pore volumes and controllable pore sizes 
with narrow distributions appropriate for inclusion compounds. Although indirect 
enzyme immobilization in mesoporous materials has been achieved by impregnating 
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enzyme into the MCM-41 matrix post-synthetically,30-32 there are few reports on one-step 
direct immobilization of bioactive species in surfactant-template mesoporous sol-gel 
materials,33 due to the harsh conditions used in the synthesis of MCM-41 or other ordered 
molecular sieves such as high temperature, pressure and/or strong acids.28-33 Previous 
studies1,12 show that near neutral pH and room temperature conditions are generally 
required for successful sol-gel immobilization of enzymes. 
To alleviate this problem, our group developed a general, low-cost, environmental 
friendly nonsurfactant template pathway for the synthesis of mesoporous silica 
materials.39-40 Detailed discussion on this method can be found in Chapter 2 and 3. In the 
synthesis, a nonsurfactant organic compound, such as D-glucose, fructose, sucrose, 
maltose or glycerol, was employed as the template or pore-forming agents in the HCl-
hydrolyzed sol-gel reactions. Upon aging and drying, transparent gels were obtained as 
monolithic disks. After removal of the template molecules by solvent extraction at 
ambient temperature, mesoporous silica materials were obtained. The thus-synthesized 
silica materials has high surface area and pore volume as well as pore size in the range of 
20-60 Å which are adjustable to some extent by varying concentration of the templating 
compounds in the sol-gel reaction. Moreover, this synthetic route to mesoporous 
materials is suitable for the encapsulation of bioactive substances for biocatalyst and 
biosensor applications, since the reaction conditions are relatively mild and the templates 
such as fructose and glucose have good biocompatibility. Several enzymes, such as acid 
phosphatases (ACP), alkaline phosphatases (ALP), horseradish peroxidase (HRP), have 
been successfully immobilized in such mesoporous silica materials.41-42 It has been 
shown that these enzymes, entrapped in the nonsurfactant-templated mesoporous sol-gel 
153 
matrixes, have significantly higher catalytic activities than those in the non-templated 
microporous hosts.  One of the reasons for this high bioactivity is that substrate and 
product molecules can diffuse in and out of the mesoporous host matrixes more easily 
than in conventional microporous materials of typical pore diameters of less than 2 nm.  
Glucose oxidase (GOx) is one of the most widely studied enzymes.45 This is 
because of its utility in the selective determination of β-D-glucose (Table 5-1), an analyte 
of broad analytical and pharmaceutical interest. Moreover, it is used as an analytical 
reagent as a marker of antigens and antibodies in enzyme immunoassays. It is used in the 
food industry to remove small amounts of oxygen from food products or glucose from 
diabetic drinks.46 In addition, glucose oxidase has been proposed as an anticancer drug 
because it may damage cancerous tissue and cells as a result of hydrogen peroxide 
formation.47,48 The development of disposable glucose sensors is part of an ongoing effort 
for decentralization of medical diagnostics. This and the high stability, high activity, and 
low cost of GOx make it a good model for the investigation of photometric and 
electrochemical biosensors.  
GOx is a 154,000-dalton enzyme, capable of catalyzing the oxidation of D-
glucose (actually, β-D-glucose) by O2 to give D-gluconic acid and hydrogen peroxide.49-51 
The hydrogen peroxide formed during this reaction can be detected via another enzymatic 
reaction using horseradish peroxidase (HRP) to catalyze the oxidation of an organic dye 
(chromogenic substrate) by H2O2. The presence of glucose is then measured 
quantitatively via optical absorbance or detected electrochemically using an electrode 
sensitive to the concentration of O2 in the solution. GOx is chosen as the model enzyme 
in our study for several reasons. First, there are several reports that it remains active 
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within a sol-gel-glass matrix. Second, GOx is available commercially and inexpensive. 
Third, GOx is extremely stable enzyme and can survive wide excursions of pH, ionic 
strength, etc. Fourth, there is a substantial literature on glucose sensors based on GOx 
using a plethora of immobilization schemes. Finally, the characteristics of GOx in bulk 
solution are well documented. 
As early as 1956, Keston52 proposed the determination of glucose in urine by 
impregnating paper strips with glucose oxidase, peroxidase, and o-tolidine (3,3’-
dimethylbenzidine) as a chromogenic oxygen acceptor. Strips of filter paper impregnated 
with the appropriate reagents are dried in air and stored protected from light. The reagent 
papers are dipped into test solution, removed, and compared (after a minute or two) with 
colors produced by standard glucose solutions. In these tests the glucose oxidase enzyme 
can be considered immobilized (by physical adsorption) on the filter paper support. 
Keston’s proposal had been widely adapted for the determination of glucose in clinical, 
food, and agricultural analysis. Different dyes have been proposed in place of o-
dianisidine motivated by the fact that the use of o-dianisidine may expose those using it 
to long-term-health problems.53 
The use of insoluble glucose oxidase provides some advantages that overcome 
limitations encountered when using soluble enzyme in solution: increase in the retention 
of enzyme activity with time, easy separation and recovery with minimum contamination. 
Many glucose biosensors based on the entrapment of glucose oxidase and/or 
oxidase/peroxidase in TMOS or TEOS-derived sol-gels disks and films have been 
reported.53-67  
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In 1992, Braun57 et al. reported TMOS derived xerogel disk doped with glucose 
oxidase, peroxidase, and a chromogenic dye for detection of glucose. Although this 
device did respond to glucose, but information on enzyme activity, stability, detection 
limits, and response times were not presented.  
Yamanaka56 et al. demonstrated the feasibility of GOx-doped sol-gel processed 
materials for glucose sensing. Information on detection limits and long-term stability 
were not reported. Tatsu56 et al. prepared TEOS-based sol-gel monoliths doped with 
GOx, flow injection analysis exhibited a peak response time on the order of 4 min. 
Sanchez and co-workers immobilized GOx and a mediator, (hydroxymethyl)ferrocene, 
within a TMOS-derived sol-gel matrix and study the GOx activity using cyclic 
voltammetry.  
Narang53 et al. reported the immobilization of GOx in/on a thin TEOS-derived 
thin sol-gel films using physisorption, microencapsulation, and a new sol-gel:GOx:sol-
gel sandwich configuration, characterization by amperometric and photometric detection 
demonstrate that the sandwich configuration exhibits a fast response and high enzyme 
loading, the thus immobilized GOx is stable for at least 2 months under ambient storage 
conditions. Recently, Labbe et al. reported the fabrication or construction of a new class 
of amperometric glucose and H2O2 biosensor based on the co-immobilization of HRP and 
GOx in bi-layer sol-gel host matrix containing graphite particles.  
Although GOx apparently functions within the above mentioned sol-gel matrix, 
the majority of these materials are either non-templated microporous xerogels or in the 
form thin films which resulted in low enzyme loadings.61 They did not: 
• use a consistent set of preparation protocols,  
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• completely characterize the immobilized GOx,  
• discuss the issue of long-term stability and effects of storage conditions.  
• study the analytical response time,  
• present information on the glucose detection limits,  
• evaluate how the sol-gel composition affects the GOx activity and ultimate 
sensor response.  
Moreover, the tedious and time-consuming procedure makes the results hardly 
reproducible. In some cases,60 the response time of the immobilized GOx in the thin film 
increased as the film undergoing further drying, which is attributed to the decrease in the 
pore structure of the sol-gel matrix upon further aging and drying, causing a subsequent 
increase in the diffusion time of analyte and products within the evolving sol-gel 
network. Furthermore, the need to saturate with O2, inability to remove readily the 
colored products by rinsing (due to strong chemisorption) and need to regenerate 
secondary enzymes, such as peroxidase limit their use as irreversible , integrating 
sensors. 
The incomplete review of the state of art in optical biosensors for glucose stresses 
the need for the development of transparent immobilization media able to stabilize the 
sensing system for prolonged use.  
As a continuing investigation of the templated mesoporous sol-gel bio-
encapsulation, here we further explore the use of nonionic poly(ethylene oxide) (PEO) 
copolymer surfactants as the template in the direct immobilization of multiple enzymes in 
a single sol-gel matrix. The multiple enzyme systems are of great interest because the 
product from one enzyme catalysis could become the substrate of another enzyme. The 
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size of mesopore (20-60 Å) is larger than conventional microporous sol-gels, so that the 
internal diffusion of substrate and product is greatly facilitated. On the other hand, the 
pore size is smaller enough to prevent enzyme molecules from leaching out of the matrix. 
We demonstrate this principle by simultaneous immobilization of glucose oxidase (GOx) 
and horseradish peroxidase (HRP) as model enzyme system. The silica matrix were 
derived from both tetramethyl orthosilicate (TMOS) and mixture of TMOS and phenyl 
trimethoxysilane (PhTMS). Colorimetric method was used to evaluate activities of the 
two enzymes and quantify β-D-glucose. The apparent activity of HRP/GOx immobilized 
in the surfactant templated sol-gel matrices was evaluated against that of the enzymes in 
the non-templated sol-gel material synthesized in the absence of templates under 
otherwise identical conditions. The free enzyme in solution was also studied, in order to 
elucidate the influence of the matrix on the protein molecules.  The efficiency of the 
entrapment, apparent activity, dose-response curve, pH profile, thermal stability and the 
effect of the hydrophilicity/hydrophobicity of the microenvironment on the immobilized 
enzymes were also investigated.  
 
5.2. Experimental 
5.2.1. Materials 
Horseradish peroxidase (HRP, EC 1.11.1.7, Type II, 200 purpurogallin units/mg 
lot 16H9522), Glucose Oxidase (GOx, E.C. 1.1.3.4, from aspergillus niger; 200 Fluka 
units/mg), 4-aminoantipyrine (4-AAP), phenol (PhOH), β-D-glucose and sodium 
phosphates were supplied by Sigma (St. Louis, MO). Tetramethyl orthosilicate (TMOS, 
99 %), phenyltrimethoxysilane (PhTMS, 97 %), Igepal CO-890 (4-
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(C9H19)C6H4(OCH2CH2)12OH, MW 1982, HLB 7.8, denoted as template I890), and Brij 
78 (C18H37(OCH2CH2)20OH, MW 1152, HLB 15.3, denoted as template B78) were 
purchased from Aldrich (Milwaukee, WI). HCl was product of Fisher Scientific (Fair 
Lawn, NJ). Hydrogen peroxide (H2O2) was from Mallinckrodt, Inc. (Parts, Kentucky). 
All chemicals and reagents were used as received without further purification. 
 
5.2.2. Preparation of Sol-gel immobilized HRP/GOx 
Immobilization of HRP/GOx in both pure silica and organically modified silica 
sol-gel materials in the presence of PEO templates followed modified nonsurfactant-
templated procedures as previously reported.40 In order to find the effect of the silica 
matrix on the activity of the immobilized enzymes, two kinds of sols, pure TMOS 
(denoted as sol TMOS) and mixture of 5 mol%-PhTMS and 95 mol%-TMOS (denoted as 
sol PhTMS), were used as the precursors. The effect of the ratio of HRP/GOx (based on 
unit definition of HRP and GOx, varied between 1 to 10) on the initial activity of the 
immobilized enzymes was also investigated. In a typical procedure for the synthesis of 
HRP/GOx-containing sol-gel sample denoted as PhTMS-B78-10 (the first part denotes 
the kind of precursor, second part denotes the kind of template, third part denotes the 
ratio of the HRP/GOx), TMOS (2.95 g, 19.0 mmol) and PhTMS (0.202 g, 1.0 mmol) 
were mixed with distilled H2O (0.70 g) and HCl (0.040 M, 30 µl) in a beaker under 
magnetic stirring at room temperature. The temperature of the system increased because 
of the exothermic hydrolysis reaction. After 30 minutes, the mixture was cooled to room 
temperature followed by the addition of 1.23 g template B78 (dissolved in 2.46 g distilled 
water). This amount of B78 would give theoretically 50 wt% in the final dry gel. Upon 
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cooling the mixture to about 0 °C, 1 mg HRP and 0.1 mg GOx (pre-dissolved in 1 ml 50 
mM, pH 6.5 sodium phosphate buffer solution, HRP/GOx = 10) was added. The 
homogeneous mixture was then left to warm to room temperature until gelation occurred. 
The sample was sealed with paraffin film. After standing one day at room temperature, 
the film was pinned about 15 small holes with a syringe needle to allow for the 
evaporation of solvents and by-products of the sol-gel reactions (i.e., water and alcohol). 
The sample was put in a vacuum oven and continually evacuated for three more days at 
room temperature to reach constant weight, giving 2.40g transparent, millimeter-size, dry 
biogel monolith. The dry gel was crushed into fine powder with a mortar and pestle and 
stored in a  -15 °C freezer, ready for subsequent activity assay and other 
characterizations. Two control samples, denoted as TMOS-Control-10 and PhTMS-
Contol-10, were also prepared in the absence of the templates by using TMOS and 
PhTMS/TMOS as silica precursors, respectively, under otherwise the identical 
conditions. The templates were removed from as-synthesized biogels with dilute sodium 
phosphate buffer (10 mM, pH 6.5) before the enzymatic activity assay and by EtOH/H2O 
(50/50, V/V) or by calcinations at 450 °C before the nitrogen sorption measurements. The 
detailed compositions of the samples were summarized in Table 5-2. 
 
5.2.3. Activity Assay of Free and Immobilized HRP/GOx 
A colorimetric method, using β-D-glucose, phenol and 4-AAP as the dye-
generating compounds, has been used to evaluate the initial catalytic activity of both free 
and immobilized HRP/GOx at room temperature (23 °C) with slight modifications of the 
literature protocol.49 The activity of HRP/GOx was determined from the absorbance 
change at 510 nm, due to the formation of colored compound, N-antipyryl-p-
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benzoquinoneimine (Figure 5-2), by using UV-Vis spectrophotometer (Perkin Elmer 
Lambda 2, Norwalk, CT). A Spectronic 20 spectrophotometer (Milton Roy Co.) was also 
used for some immobilized samples. For free HRP/GOx, 1.0 ml HRP and 1.0 ml GOx 
solution (containing 1.60 × 10-4 mg or nominally 0.032 unit) was mixed with 2.0 ml O2-
saturated 4-AAP (2.46 × 10-3 M)-PhOH (0.172 M) solution at room temperature. After 15 
minutes, 1.0 mL β-D-glucose stock solution (500 mM) was added to the mixture to 
initiate the reaction, upon which the absorbance change with time was recorded. For 
immobilized HRP/GOx sol-gels, all samples were first washed thoroughly with dilute 
phosphate buffer solution (10 mM, pH 6.5) to remove the template before proceeding to 
activity assay. 
In a general procedure for the immobilized HRP/GOx activity assay, an exact 
amount of the immobilized sample powder (3-7 mg, each containing 2.5 × 10-3 mg or 
nominally 0.50 unit of HRP) was weighed into a tube and 10 mL of sodium phosphate 
buffer solution (10 mM, pH 6.5) was added to soak the sample with frequent shaking 
afterwards. After 1 h, the wash solution was separated from the solid by decantation after 
centrifugation. The washing procedures were repeated two more times at 1 h interval and 
the wash solutions (supernatants) were also collected for enzyme activity assay to 
evaluate leakage of enzymes, if any. The HRP/GOx-containing gel was then measured 
for the apparent activity following the same procedures as for the free enzyme except 
substituting the enzyme solution with 1.0 mLof distilled H2O. The β-D-glucose aqueous 
solution was allowed to mutarotate for 24 h at room temperature before its use for the 
HRP/GOx activity assay. 4-AAP and PhOH were dissolved in sodium phosphate buffer 
(10 mM, pH 6.5). The solution was then saturated with O2 by bubbling O2 gas through 
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for 15 min before the activity assay. Both 4-AAP-PhOH and β-D-glucose solutions were 
freshly prepared daily before the activity assay.  
In order to evaluate the efficiency of encapsulation or the amount of unbounded, 
loosely trapped, leached or surface absorbed HRP/GOx in as-synthesized biogels, the 
extracted solution, collected before the activity assay for immobilized samples according 
to the above procedures, were also assayed for HRP/GOx activity in the same way as for 
the free enzyme in solution. Here we assumed that HRP/GOx activity was not altered by 
the immobilization procedures or in the presence of minor amount of surfactant. 
Measurement for the recyclability of the immobilized HRP/GOx was carried out by 
separating the immobilized enzymes from the reaction mixture by centrifugation 
followed by another round of activity assay.  
The effect of the pH in the range of 4.0-7.5 on the activity of free and 
immobilized HRP/GOx was studied at a fixed glucose concentration of 100 mM. Sodium 
phosphate buffer (50 mM) was used to obtain all pH values. The enzyme-containing sol-
gel samples were washed according to the above procedures prior to the assay of 
HRP/GOx activity. 
Thermal stability of free and immobilized HRP/GOx was examined from the 
remaining activities after thermal treatment at 60 °C for 30 min, in comparison with the 
activities of the same samples without the treatment. The thermal treatment was outlined 
as follows. For an immobilized HRP/GOx sol-gel of a few milligrams, 1.0 mL of H2O 
was added to the sample powder after the typical washing procedures. For free 
HRP/GOx, 1.0 mL of dilute HRP/GOx (ratio=10) aqueous solution with specific units 
was used directly. The sample-containing tubes were sealed and put into a 60 °C water 
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bath for a preset time of 30 min. Immediately after removing them from the warm water 
bath, the tubes were placed in a room temperature water bath. Then, both free and gel-
immobilized samples were assayed for remaining activities by following the procedures 
described above at pH 6.5 and D-glucose concentration of 100 mM. However, before 
proceeding to the activity assay, the thermal-treated sol-gel samples were separated from 
the aqueous phase in order to avoid any activity contribution from possible enzyme 
leaching from the powder during the thermal treatment. The supernatant was collected by 
decantation after centrifugation and estimated for any enzyme activity.  
 
5.2.4. Characterization of the Biogel Matrix 
The weight percentage of SiO2 in as-synthesized biogels was estimated from the 
weight loss at 750 °C using thermal gravimetric analysis (TGA) on a TA 9900 Thermal 
Analysis System, TA Instruments, Inc. DE. The as-synthesized powdered sample was 
dried at 115 °C for 2 h and then heated to 750 °C at a heating rate of 10 °C min-1 in the 
air. Templates were removed from as-synthesized biogel samples by calcinations at 450 
°C. Fine powder from as-synthesized biogel samples was heated to 450 °C at a heating 
rate of 2 °C min-1 in the air flow and kept at 450 °C for 4h before cooling to room 
temperature. The pore structure parameters of sol-gel matrices after removing templates 
were characterized by N2 adsorption-desorption isotherms conducted on a Micromeritics 
ASAP 2010 surface area and pore-size analyzer (Micromeritics, Inc., Norcross, GA) at –
196 °C. Infrared spectra of the as-synthesized, buffer solution extracted, and calcined 
samples were measured in the form of KBr powder-pressed pellets on a Perkin Elmer 
1600 FT-IR spectrophotometer (Norwalk, CT). Transmission electron microscopy (TEM) 
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was performed on a JEOL 100CX2 microscope using an accelerating voltage of 300 kV.  
The samples were prepared by allowing an ethyl alcohol suspension of the finely ground 
biogel powder (after the removal of templates) to evaporate on a Cu grid coated with a 
holey C film. 
 
5.3. Results and Discussion 
5.3.1. Synthesis of Mesoporous HRP/GOx Biogels 
Since biological species are very sensitive to alcohol and pH. The usual sol-gel 
procedure has then to be slightly modified to meet these requirements. Ethanol is strictly 
prohibited, to avoid the denaturation of the proteins, but small amount of methanol can be 
tolerated. TMOS is therefore used as a molecular precursor rather than TEOS. Low 
temperature is also necessary to preserve the fragile enzymes before the entrapment, this 
can be accomplished by cooling the sol by dry ice before adding the buffered enzyme 
solution. The schema of the synthesis of HRP/GOx-containing biogels is shown in Figure 
5-1. 
After mixing all the components together in the sol state and before gelation, the 
sol was a homogeneous, viscous fluid and took the shape of the container. At this stage, it 
was possible to make sol-gel samples in different geometric forms and sizes and even, the 
sol can be also coated on the electrode by dip-coating or in the form of thin film by spin 
coating. The time for the sol to gel was shortened by the addition of the buffered enzyme 
solution which raised the pH of the mixture. The process for aging and drying the gel 
could also be accelerated by using vacuum evacuation of the solvents and byproducts of 
the sol-gel reactions without causing severe sample cracking which often occurs in a 
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template-free system. This might be attributed in part to the strong interactions between 
the silicate intermediates and the template as well as reduced volume shrinkage during 
sample drying process. It was practical to complete the sample preparation within 2-3 
days with accelerated evacuation of solvents and by-products from the bulk samples, 
even though about 1 week was allowed for the samples to reach constant weight (< 0.5 % 
weight change in 24 h). It is noted that no attempt was made to remove the moisture 
completely from the sol-gels since it was neither necessary nor beneficial to the 
entrapped enzyme. Nonetheless, the as-synthesized sol-gels did not show any change in 
catalytic activity one year after preparation, indicating good stability of the materials and 
completion of the sol-gel reactions. This is contrast to the encapsulation of enzymes in 
hydrogels or air-dried gels whose properties changed with aging, drying, and storage 
conditions.60 
5.3.2. Ratio of Water to Surfactant  
HRP/GOx-containing sol-gel materials were synthesized via the sol-gel reactions 
of TMOS and PhTMS in the presence of nonionic PEO templates, i.e., CO-890 and Brij 
78.  Except for the absence of the enzymes, the synthesis of these sol-gel materials have 
been studied systematically by our group previously.43 The amount of template is fixed 
on 50 wt% because under this condition, the pore size of the materials are 30-50 Å within 
the mesopore range. It was found that water to template ratio is very important to the 
success of the synthesis. At high ratios of water to surfactant, e.g., 10:1 or higher, 
precipitation occurred. In this case, most of the enzyme added to the system remained in 
the aqueous phase without being encapsulated. Obviously, these conditions are not 
desirable for effective entrapment of biomolecules. Therefore, in the synthesis of 
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HRP/GOx-containing sol-gel samples, relatively low ratios of water to template were 
employed. At a weight ratio of H2O to template of 2:1, the reaction systems were 
homogeneous from sol to gel without precipitation. As-synthesized HRP/GOx-containing 
biogels were mostly homogeneous and transparent. In some cases, samples were 
translucent when B78 was used as template.  
 
5.3.3. Infrared Spectroscopy and TGA Measurement 
 
Before N2 adsorption-desorption characterizations and activity assay, PEO 
surfactants were completely removed from the composite sol-gel materials, as evidenced 
by the infrared spectra of as-synthesized and calcined samples (Figures 5-3 and 5-4). The 
infrared spectra of both as-synthesized and calcined exhibited the major absorption bands 
associated with network Si-O-Si vibrational modes at ~460, 790, 1080, and 1220 cm-1, 
along with Si-OH asymmetrical stretching at ~960 cm-1 and SiO-H stretching at 3400 cm-
1. The intensity of the band at ~2940 cm-1 for C-H stretching of the surfactant component 
disappeared after calcination, indicating removal of the templates from the samples was 
completed. In addition to the above absorption bands typical of templated silica gels, the 
phenyl-modified hybrid gels had additional absorption bands at ~700, 740 and 1430 cm-1, 
relative to the presence of phenyl group in the matrix (Figure 5-4). These bands were still 
present in the infrared spectra of the clacined sol-gels, indicating good co-condensation 
of the precursors and stable linkage of phenyl groups to the silicate network through the 
non-hydrolyzable Si-C bond as discussed in detail in Chapter 3. 
TGA data (Table 5-2) demonstrate that the silica contents in the sample are 
comparable to those calculated based on the stoichiometry of the starting material. 
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5.3.4. Characterization of Silicate Matrix Structures 
The host silica matrix after removing the templates by calcinations have been 
characterized by nitrogen adsorption-desorption isotherm. Figure 5-5 shows a 
representative set of nitrogen adsorption-desorption isotherms for the biogels in the 
presence of HRP/GOx ratio of 10. The results show that the non-templated enzyme-
containing sol-gel matrixes, i.e., TMOS-control and PhTMS-control, are essentially 
microporous, having very small pore volume and pore size as evidence by the reversible 
Type I isotherms. The phenyl-modified silica matrix has even smaller surface area and 
pore volume. In contrast, the PEO-templated HRP/GOx-containing biogel samples are 
mesoporous for both pure and phenyl-modified silica matrices(TMOS-B78-10, TMOS-
I890-10, PhTMS-B78-10 and PhTMS-I890-10). The Type H2 hysteresis loop in Figure 
5-5 is considered attributable mainly to the presence of interconnecting pore network and 
ink-bottle pore structures of the matrix. The BJH pore size distributions were obtained by 
plotting the differential volume of the desorption branch of nitrogen adsorption-
desorption isotherms as a function of pore size as shown in Figure 5-6. For surfactant 
templated samples, the materials possess narrowly distributed pore sizes centered at 34 Å 
and 46 Å for PhTMS (PhTMS-I890-10, PhTMS-B78-10) and TMOS (TMOS-I890-10, 
TMOS-B78-10) based silica, respectively. The incorporation of phenyl groups into the 
silica matrix through the non-hydrolyzable Si-C covalent bond decreased the pore 
volume and surface area of the silica matrix.  
The samples prepared in the same silica matrix but with different ratio of 
HRP/GOx showed similar adsorption-desorption and BJH pore size distribution curve 
(Figures 5-7 to 5-12), since the only difference among these samples is the amount of the 
167 
enzymes, which is trivial compared to the amount of precursors and template. The BET 
surface area, pore volume and pore parameters of all HRP/GOx containing biogels after 
template removal by calcinations are summarized in Table 5-2. 
The samples extracted with sodium phosphate buffer solution (10 mM pH 6.5) 
exhibit similar nitrogen adsorption-desorption isotherms to the calcined samples. The 
bottle-neck of the matrix are very effective in preventing the entrapped enzyme from 
leaching out of the host, especially when the cavity sizes are large. It also restricts any 
long-range migration of the protein macromolecules through the matrix and thus prevents 
their aggregation. Moreover, the matrix protects the trapped enzyme from any attack of 
proteases or bacteria from outside the matrix. It is practical to immobilize several 
enzymes simultaneously in the matrix in order to catalyze independent but consecutive 
reactions without worrying much about interference due to relatively low enzyme 
concentrations in the matrix. Although PEO has been employed as nonionic surfactant 
templates for the synthesis of ordered mesoporous materials, their synthesis conditions, 
often involve the use of strong acid or high temperature, and the materials structure are 
very different from those in our work. 
Figure 5-13 shows a typical TEM image of the mesoporous sample, PhTMS-B78-
10, after template removal by calcination. It exhibits numerous wormlike interconnected 
channels or mesopores (white features, black/dark features silica matrix) with a regular 
diameter around 30-40 Å. Such a nanostructure feature is quite similar to those of MSU-1 
materials prepared via a neutral surfactant pathway.37 The measured pore size is in well 
agreement to the BJH pore diameter obtained from nitrogen adsorption-desorption 
isotherms. 
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5.3.5. Ratio of HRP/GOx on the Activity of Immobilized GOx/HRP 
HRP and GOx catalyze, respectively, the two consecutive reactions as illustrated 
below: 
  (equation 5-1) 
 
The change in absorbance of quinoneimine, a red dye, at 510 nm was used to 
evaluate the enzymatic activity. Figure 5-14 and Figure 5-15 show the relationship 
between the ratio of HRP/GOx and the apparent activity of free and immobilized 
HRP/GOx, respectively. The higher the ratio of HRP/GOx, the higher the apparent 
activity. This might arise from the fact that, at higher ratios of HRP/GOx, the product 
hydrogen peroxide, generated in the GOx catalyzed glucose oxidation, can be consumed 
more efficiently in the HRP catalyzed reaction. When both GOx and HRP are in 
solutions, there is an increase in the apparent activity, less than 1.5 times at [glucose] = 1-
400 mM, when the ratio of HRP to GOx is increased from 1 to 10 (Figure 5-14). 
However, the increase in the activity is more evident, from 2-4 fold at [glucose] = 100 
mM, when the two enzymes are co-immobilized in sol-gel matrixes (Figure 5-15). In this 
case, both HRP and GOx are confined in the interconnected channels of the silica host 
matrix in which diffusion of the substrate plays a more important role than that in 
solution. Moreover, the hydrogen peroxide generated by GOx oxidized glucose does not 
need to diffuse out of silica matrix and can be consumed by the neighboring immobilized 
HRP in situ. Furthermore, the results on another set of samples with GOx only entrapped 
in sol-gel matrixes and assayed with 10 times unit of HRP in solution at show a slightly 
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lower activity, i.e., at 85%, when compared to the corresponding samples with both 
enzymes entrapped. So in the following discussion, all the HRP/GOx-containing samples 
were synthesized with a fixed ratio of HRP/GOx = 10. 
 
5.3.6. Dose-response curve 
The dose-response kinetics of immobilized GOx and HRP were measured at 
glucose concentration of 1-400 mM. Upon addition of glucose substrate, the sample 
change color visibly. The response time for the surfactant-templated HRP/GOx-
containing samples was less than 5 seconds. This is remarkably short compared to the 
non-templated controls derived from TMOS and 95 mol%-TMOS/5 mol%-PhTMS, 
which had no visible color change for 3 h after adding glucose. This is of great advantage 
for the practical applications of immobilized enzymes in, e.g. biosensor devices, where 
short response time is crucial. Figure 5-16 shows the typical dose-response curves for the 
immobilized HRP/GOx. There is a sharp increase in the activity with the glucose 
concentration 1-100 mM. The curve levels off at glucose concentration >100 mM, this is 
typical for enzymatic reactions. Since the multiple enzymes were used in this study, it 
may not be appropriate to report the detailed kinetic data, e.g. Vm and Km values. 
It should be pointed out here that the determination of the rate of formation of the 
colored product, quinoneimine, is difficult in the heterogeneous assay system. The rate 
was derived from the absorbance change of the aqueous solution. Due to relatively high 
enzyme activity, strong adsorption of the colored product on the silicate matrix and its 
hindered diffusion from inside the gel to the aqueous assay solution,43 the estimated 
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activity that was based on the product concentration in the aqueous phase would 
definitely underestimate the actual activity of immobilized enzymes.  
 
5.3.7. pH Profile of Free and Immobilized HRP/GOx 
Enzymes always have a fairly narrow pH optimum, as the pH may alter the 
enzyme conformation, recognition site, active site and substrate conformation. The pH 
profiles of free and an immobilized HRP/GOx sample, i.e. PhTMS-B78-10, in the pH 
range 4.0-7.0 are shown in Figure 5-17. Enzymes entrapped in conventional microporous 
sol-gel matrix often exhibit different optimal pH and pH profiles.1,4,6,12 Because the 
mesoporous matrix has greater pore volume and pore sizes than microporous materials, 
the microenvironment around the entrapped enzymes molecules should be more close to 
that in bulk solution. The dependence of activity on pH for the mesoporous HRP/GOx 
biogels showed an overall trend similar to that of free HRP/GOx. The optimal pH values 
in both cases are around 6.0, which is in good agreement with the literature value.49 
 
5.3.8. Thermal Stability of Free and Immobilized HRP/GOx  
It is known that both GOx and HRP are quite stable in a wide range of pH values 
and temperatures. Our previous study showed that HRP immobilized in silica sol-gels had 
similar or even slightly higher apparent activities compared with the same samples 
without the thermal treatment.43-44 For free HRP/GOx, after the thermal treatment at 60 
°C for 30 min, they retained only 30% of their apparent activity before the thermal 
treatment. Upon immobilization, the HRP/GOx-containing sol-gels exhibited 80% of the 
apparent activities in comparison with the samples without the thermal treatment (Table 
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5-2). The remarkably improved thermal stability of sol-gel immobilized HRP/GOx can be 
attributed to the reduced deactivating or denaturing thermal motion of the protein 
molecules in the restrained host cages during the thermal treatment. The restricting local 
environment also helps the protein molecules maintain in their active state when they are 
subject to higher temperatures. Significant improvement in thermal stability of enzymes 
upon immobilization in sol-gel materials was widely observed.4,12  
Previous study of the effect of the microenvironment on the structure and activity 
of immobilized GOx revealed that the specific activity of GOx immobilized onto the 
hydrophobic microenvironment was higher than that of GOx immobilized onto the 
hydrophilic microenvironment.71 In this work, HRP/GOx immobilized in the organic 
modified silica matrix (i.e. samples start with PhTMS-B78) demonstrate higher apparent 
activity and thermal stability. The phenyl groups attached on the surface of the silica 
matrix during the co-condensation increase the hydrophobicity of the microenvironment 
of the immobilized enzymes.  
 
5.3.9. Enzyme Leakage 
The assay of the enzymatic activity in the wash solutions may give the efficiency 
of encapsulation or the relative amount of unbound, loosely trapped, leached, or surface 
absorbed HRP/GOx in as-synthesized biogels. The wash solutions were obtained from 
washing the powdered as-synthesized samples with sodium phosphate buffer and 
collected before the assay according to the previously mentioned procedures. The results 
showed that there was little enzymatic activity in the wash solutions. Hence, HRP/GOx 
were practically entrapped completely in the silica matrices. Furthermore, complete 
entrapment of HRP/GOx within porous matrices, instead of surface absorption, was 
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supported by the observations that no enzyme activity was found in the assay solution 
once it was separated from HRP/GOx-containing gels at the end of the assay. In addition, 
after the immobilized samples were treated with water at 60 °C for 30 min, no activity 
was found in the aqueous solutions. The pH of the solutions spanned from 4-7.5 in the pH 
activity assays, which included the pH close/above the isoelectric point of HRP, pI = 7.2 
and GOx, pI = 4.6. Above the pI of HRP and GOx, desorption of the enzyme from the 
hybrid matrix, or dopant leaching, would occur if HRP and GOx were simply surface 
adsorbed rather than entrapped inside the silicate matrix, since both the matrix and the 
protein molecules would be negatively charged. It was not surprising because both GOx 
and HRP has Stokes diameters of greater than 60 Å, which is larger than the channel 
diameters of the mesoporous silica matrix described in this work. 
It is important to ensure that no dissolved or free enzyme is present in the assay 
system while evaluating the immobilized enzyme activity, otherwise the dissolved 
enzyme will give higher but false remaining activity. The results on enzyme leaching 
tests demonstrated that the templated sol-gel bio-encapsulation led to complete 
encapsulation of HRP/GOx in hybrid matrices without enzyme leakage. The relatively 
small template molecules were readily removed from the composite gels by solvent 
extraction. However, the protein macromolecules could not diffuse out of the porous 
matrix, even though both the enzyme and the template were physically entrapped in the 
pores of the sol-gel materials without forming primary bonding with the sol-gel network.  
One of the most important advantages of enzyme immobilization is the 
recyclability of the enzymes as catalysts. The operational stability of immobilized 
HRP/GOx was evaluated for several activity assay cycles. The retention of activity in the 
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third cycle, compared to that in the first cycle, was found to be 80% for most of the 
immobilized samples. 
 
5.4. Conclusions 
HRP and GOx have been successfully immobilized in both pure and phenyl-
modified hybrid silicate sol-gel materials via the nonionic surfactant templating approach 
using PEO as the pore-forming agent conducted at near neutral pH and near room 
temperature. The enzyme-containing biogels produced via this method have structural 
characteristics of mesoporous materials after removing the templates and exhibit 
relatively high remaining enzyme activities. The HRP/GOx-containing biogels had 
excellent thermal stability and high apparent catalytic activity over a wide range of pH. 
The mesoporous matrix, with pore parameters tunable by adding varied amount of PEO, 
not only effectively retained the enzyme without leaching, but also reduced mass transfer 
restrictions and steric hindrance. As a result, HRP/GOx immobilized in PEO-templated 
mesoporous matrices showed fast dose-response within few seconds and high apparent 
activity, which was two orders of magnitude greater than that of the non-templated, 
microporous sample synthesized using the conventional sol-gel process without adding 
the template.  
The PEO surfactant-template approach to the direct synthesis of mesoporous, 
biomolecule-entrapped, sol-gel materials is versatile in terms of enzymes, templates, and 
matrix chemical compositions. It opens up a new pathway to the enzyme immobilization. 
This neutral surfactant templated synthesis also establishes a simple procedure for 
entrapping multiple enzymes in mesoporous sol-gel materials which could be readily 
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utilized in the construction of packed or open column modularized bioreactors and 
biosensors.  
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Table 5-1. Relative Oxidation Rates, in the Presence of Glucose Oxidase as Catalyst, for 
Several Sugars  
Sugar Relative rate of oxidationa 
β-D-glucose 100 
2-Deoxy-D-glucose 25 
6-Deoxy-6-fluoro-D-glucose 3 
6-Methyl-D-glucose 1.85 
D-mannose 0.98 
D-xylose 0.98 
α-D-glucose 0.64 
Tetralose 0.28 
Maltose 0.19 
Galactose 0.14 
Melobiose 0.11 
a Rates are normalized to the rate of β-D-glucose oxidation and for the general reaction: 
sugar + O2  corresponding acid + H2O2. 
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Table 5-2. Composition and properties of 50 wt% PEO-Templated HRP/GOx-containing 
Sol-Gel Materials 
Fructose wt% sample 
IDa 
Calc TGA 
Apparent 
activityb 
(units/mg)
Thermal 
stabilityc 
(%) 
SBETd 
(m2 g-1) 
VSPe 
(cm3 g-1)
Pore 
sizef 
(Å) 
TMOS-control 0 6.3 0.039 -- 643 0.36 <17 
PhTMS-control 0 7.1 0.043 -- 568 0.30 <17 
TMOS-B78-1 50 50.5 6.80 --    
TMOS-B78-2 50 52.3 9.92 80.7 477 0.40  
TMOS-B78-5 50 51.6 12.30 81.3 434 0.38  
TMOS-B78-10 50 50.8 18.59 83.2 411 0.41 48.4 
PhTMS-I890-1 50 51.2 4.52 9.9 362 0.30  
PhTMS-I890-2 50 51.8 7.94 16.0 334 0.30  
PhTMS-I890-5 50 52.1 11.59 19.8 329 0.30  
PhTMS-I890-10 50 50.9 18.28 18.2 334 0.29 35.5 
PhTMS-B78-1 50 52.4 11.62 -- 505 0.40  
PhTMS-B78-2 50 51.7 15.15 -- 487 0.38  
PhTMS-B78-5 50 51.5 19.88 -- 537 0.36  
PhTMS-B78-10 50 52.0 23.38 72.9 553 0.36 35.0 
TMOS-I890-10 50 51.8 21.99 21.6 260 0.33 51.2 
Free   110 30    
a the first part denotes the type of precursors, the second part denotes the type of 
template, the third part denotes the ratio of HRP/GOx. b Apparent activity was obtained 
from the Lineweaver-Burk plots by using initial velocity at [glucose]=100 mM and 50 
mM, pH6.5 sodium phosphate buffer. c Remaining activity of the sample after heated at 
60 ˚C for 30 min. d The BET surface area using the Kelvin equation in the relative 
pressure (P/P0) range of 0.10-0.30. e The single point pore volume determined at P/P0≈1 f 
Determined by the t-plot method. 
181 
TMOS
or
TMOS+5mol%PhTMS
Template dissolve
in distilled water
(50 wt%)
HRP/GOx dilute with
100 mM pH=6.5
phosphate buffer
Homogeneous
Enzymes-
containing Sol
Drying after
Gelation
Activity Assay
Extracted with
distilled water and
characterize by
BET
Crushed into
Powder
 
 
 
 
Figure 5-1. Schema of the synthesis of simultaneous immobilization of HRP/GOx in PEO 
surfactant templated mesoporous silica materials. 
182 
 
 
 
 
 
 
 
Figure 5-2. Activity assay of immobilized HRP/GOx by calorimetric method (λmax=510 
nm). 
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Figure 5-3. FT-IR spectrum of the as-synthesized HRP/GOx-containing sol-gel materials 
(a) TMOS-I890-10; (b) PhTMS-B78-10; (c) TMOS-B78-10; (d) PhTMS-I890-10. 
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Figure 5-4. FT-IR spectrum of the templated-extracted HRP/GOx-containing sol-gel 
materials (a) TMOS-I890-10; (b) PhTMS-I890-10; (c) TMOS-B78-10; (d) PhTMS-B78-
10. 
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Figure 5-5. N2 adsorption-desorption isotherms of the enzyme-containing sol-gel 
materials after removal of templates by calcinations under 450°C/4hr. 
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Figure 5-6. The BJH desorption pore size distributions of the enzyme-containing sol-gel 
materials after removal of templates by calcinations under 450 °C/4hr. 
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Figure 5-7. N2 adsorption-desorption isotherms of the HRP/GOx-containing sol-gel 
materials with different ratio of HRP/GOx after removal of templates by calcinations 
under 450°C/4hr. 5 mol% PhTMS + 95 mol% TMOS as the precursors, B78 as the 
template. 
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Figure 5-8. The BJH desorption pore size distributions of the enzyme-containing sol-gel 
materials after removal of templates by calcinations under 450 °C/4hr. 5 mol% PhTMS + 
95 mol% TMOS as the precursors, B78 as the template. 
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Figure 5-9. N2 adsorption-desorption isotherms of the HRP/GOx-containing sol-gel 
materials with different ratio of HRP/GOx after removal of templates by calcinations 
under 450°C/4hr. 5 mol% PhTMS + 95 mol% TMOS as the precursors, I890 as the 
template. 
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Figure 5-10. The BJH desorption pore size distributions of the enzyme-containing sol-gel 
materials after removal of templates by calcinations under 450 °C/4hr. 5 mol% PhTMS + 
95 mol% TMOS as the precursors, I890 as the template. 
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Figure 5-11. N2 adsorption-desorption isotherms of the HRP/GOx-containing sol-gel 
materials with different ratio of HRP/GOx after removal of templates by calcinations 
under 450°C/4hr. TMOS as the precursors, B78 as the template. 
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Figure 5-12. The BJH desorption pore size distributions of the enzyme-containing sol-gel 
materials after removal of templates by calcinations under 450 °C/4hr. 5 mol% PhTMS + 
95 mol% TMOS as the precursors, B78 as the template. 
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Figure 5-13. A representative TEM image of sample PhTMS-B78-10 after calcinations at 
450 °C/4hr. 
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Figure 5-14. Effect of the HRP/GOx ratio on the apparent initial activity of free enzymes. 
Assayed in sodium phosphate buffer solution (50 mM, pH 6.5), glucose concentration 
between 1-400 mM. 
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Figure 5-15. Effect of HRP/GOx ratio on the apparent initial activity of immobilized 
HRP/GOx, assayed in sodium phosphate buffer solution (50 mM, pH 6.5). glucose 
concentration 100 mM.  
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Figure 5-16. Dose-response curve for the immobilized HRP/GOx with glucose 
concentration between 1-400 mM. 
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Figure 5-17. pH profile of free and immobilized HRP/GOx. Assayed in sodium 
phosphate buffer (50 mM), glucose concentration 100 mM. 
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Chapter 6 Chemical Decontaminant Based on the Immobilization of 
Organophosphorus Acid Anhydrolases (OPAA) in Hybrid Mesoporous Sol-Gel 
Silica Materials 
 
6.1. Introduction 
Immobilization of enzymes and other active biological molecules in porous 
inorganic silica materials via the sol-gel process1 has drawn great interest in recent years. 
An array of substances, including catalytic antibodies, DNA, RNA, antigens, live 
bacterial, fungal, plant and animal cells, and whole protozoa, have been encapsulated in 
silica,2-13 organosiloxane14 and hybrid sol-gel materials.3,6 Sol-gel immobilization leads to 
the formation of advanced materials that retain highly specific and efficient functionality 
of the guest biomolecules within the stable host sol-gel matrix.  The protective action of 
the sol-gel cage prevents leaching and enhances their stability significantly. The 
advantages of these 'living ceramics' might give them applications as optical and 
electrochemical sensors, diagnostic devices, catalysts, and even bio-artificial organs.5,6 
With rapid advances in sol-gel precursors, nanoengineered polymers, encapsulation 
protocols and fabrication methods, this technology promises to revolutionize 
bioimmobilization.  
Biosensors using immobilized receptors are finding ever-increasing application in 
a wide variety of fields such as clinical diagnostics, environmental monitoring, food and 
drinking water safety, and illicit drug monitoring.6,15-28 One of the most challenging 
aspects in development of these sensors is immobilization and integration of biological 
molecules in the sensor platform. Numerous techniques, including physical adsorption, 
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covalent attachment, entrapment in polymer and inorganic matrices, have been explored 
over the past decade. Porous silicate materials made by low temperature sol-gel process 
are promising host matrices for encapsulation of biomolecules such as enzymes, 
antibodies, and cells. These sol-gel matrices are chemically inert, hydrophilic, 
biocompatible and inexpensive to produce. They also exhibit superior mechanical 
strength, enhanced thermal stability, and negligible swelling in solvents compared to 
organic polymers. The sol-gel matrix can also be tailored by introducing the different 
functional groups thereby improve the microenvironment and maintain the biological 
activity of the entrapped biomolecules. Their optical transparency makes them an ideal 
platform for development of biosensors that rely on transmission of light for detection, 
such as absorbance or fluorescence measurements. Sol-gel films can be made relatively 
fast and cast as thin layers on sensor surfaces.  
The potential applications of biomolecules entrapped in sol-gel derived materials, 
particularly in the field of biosensor development, appear to be limitless. One class of 
biological molecules that has received considerable attention is proteins, with numerous 
reports having appeared describing the function, structure,29 dynamics,30 accessibility,29-31 
reaction kinetics,32 initial stability,2,46 and long-term stability33-34 of entrapped proteins. 
These studies have established that, in the majority of cases, entrapped biological 
molecules initially retain at least a portion of their characteristic biochemical 
functionality, although the variablility in function is large, with values between 2%35 and 
100%36-37 of solution activity having been reported. It has also been found that many 
biomolecules can remain stable over periods of months.3 However, the extreme pH 
values and high alcohol levels that are encountered during glass formation can destabilize 
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some less robust proteins.38 Alternatively, positively charged amino acid residues located 
at or near the active site can interact with the negative silicate matrix, which occurs with 
lactate and glycolate oxidase.39 In these cases, encapsulation can result in a substantial or 
even complete loss of function and can cause significant structural changes in proteins 
initially and over time.40 For biosensor development, changes in protein stability with 
time can lead to changes in sensitivity and consequently drifts in calibration over short 
time periods.  
In light of these results, preliminary studies by Brennan41 and co-workers 
demonstrated that durable, optically transparent materials with significant lipase activity 
can be prepared, optimal materials are produced with TEOS as a precursor and a few 
weight percent of low molecular weight poly(ethylene glycol) (PEG) as an additive. PVA 
tended to have a detrimental affect on lipase activity, while PEG provided a 
concentration-dependent enhancement of the enzyme activity. In general, the physical 
properties, including transmittance and resistance to cracking, improved with increasing 
PEG concentration, the inclusion of organic moieties into the matrix affected both the 
homogeneity of the materials and polarity of the internal environment, with PEG 
reducing and PVA increasing the internal polarity.  
The internal microenvironment of sol-gel derived materials can be probed by 
using polarity sensitive fluorescent probes 7-azaindole and 6-propionyl-2-
(dimethylamino)-naphthalene. Optical absorption spectroscopy is also an important 
technique to study the interactions between the biomolecule and the sol-gel silica matrix. 
These interactions are of central importance in determining the synthesis conditions for 
these materials, in creating the pores which confine the protein, and in stabilizing the 
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protein so that it retain its structure and chemical function. By studying the encapsulated 
cytochrome c in the sol-gel derived xerogel, Miller and co-workers suggested that 
cytochrome c resides in pores that conform to its size (32.4 Å diameter). This is curious 
feature since the gel network possesses a wide distribution of pore sizes, yet the proteins 
are selectively trapped in pores that conform to the size of the protein (or larger).42 
Recent studies using resonance Raman spectroscopy provide additional details of this 
mechanism and further support the templating effect of the dopant biomolecules. 
Traditional silica gels are hydrophilic because of the remaining surface silanol 
groups. The immobilization of lipase, a kind of lipophilic enzyme, in such silica matrix 
showed a much lower remaining activity (<5 %) than other immobilized enzymes.43 
Previous work demonstrated that the matrixes required for achieving high lipase activities 
consisted of high proportions of alkyl silanes.43 Advances have already made in this 
direction with recent efforts in sol-gel-based protein entrapment by using different silane 
precursors, such as organically modified silanes44-47 and co-entrapment of species such as 
polymers and surfactant along with the protein to modulate material properties and/or 
protein stability.48-52 Examples include the entrapment of lipase into 
methyltrimethoxysilane-based materials, lipase into polymer doped materials formed 
from organically modified silanes (which showed an 8800% enhancement of activity 
compared to free lipase for esterification reactions but only 40% for hydrolysis reactions 
involving emulsified oils),45 lipase and human serum albumin (HSA) in organically 
modified silicates (ORMOSILS), with lipase showing up to 50% activity for the 
hydrolysis of glyceryl tributyrate,46 glucose oxidase and horseradish peroxidase in the 
presence of a graft copolymer of polyvinylimidazole and polyvinylpyridine,53 and acetyl-
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cholinesrerase and butyrylcholinesrerase in the presence of poly(ethylene glycol).54 In 
each case, the addition of organosilane precursors or polymers resulted in improved 
function for the entrapped proteins.  
Despite the apparent success of the sol-gel techniques, a few factors associated 
with the current sol-gel immobilization still severely hinder its practical applications in 
industry. The presence of alcohol as a solvent or a by-product in the sol-gel reactions may 
have detrimental effect on the structure and properties of entrapped proteins. Further, the 
apparent activity of an entrapped enzyme is often hindered by internal diffusion 
resistance of the substrate or analyte, and sometimes, by reduced accessibility in sol-gel 
matrices, even if extremes of reaction conditions (e.g., pH, temperature, etc.) are avoided 
to prevent the labile biomolecules from irreversible deactivation. Moreover, the small 
pore sizes and extensive cross-linking of such materials can lead to problems with 
capillary stresses which cause the glass to shatter upon immersion into water.55 This is 
obviously a problem for biosensor development, which requires the material to be placed 
in aqueous biological fluids. In addition, such materials have been shown to have 
extremely long aging times and a large distribution of internal environments, which leads 
to time-dependent alterations in entrapped protein function.56 
So far, many efforts and advancements have been addressed to the above-
mentioned problems. Instead using the tetramethyl orthosilicate (TMOS) or tetraethyl 
orthosilicate (TEOS) precursors, Bhatia57 and co-workers developed a novel two-step 
aqueous route using sodium silicate as the precursor which avoid the liberation of 
alcohols. Enzymes immobilized in such matrix showed a higher remaining activity 
compared to that of the immobilized enzymes in TMOS-derived materials. The non-
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surfactant template pathway58-59 to the mesoporous silica materials developed in Dr. 
Wei’s group also proved to be successful in the entrapment of some robust enzymes like 
alkaline phosphatase, acid phosphatase, horseradish peroxides and glucose oxidase.60-64 
The immobilized enzymes showed reasonable remaining activity, and much higher 
thermal stability. 
Organophosphorus compounds (OPs) are highly toxic and found extensive use as 
pesticides, insecticides and potential chemical warfare (CW) agents. Recently, because of 
environmental, health and national security concerns, significant efforts have been 
directed towards developing sensitive and portable sensors for these compounds.  
According to the definition of the International Union of Biochemistry, enzymes 
catalyzing the hydrolysis of P-F or P-CN bonds in organophosphorus compounds are 
classified as organophosphorus acid anhydrolases (OPAA; EC 3.1.8.2).65 The OPAA 
enzymes, from a genetically altered E. Coli bacterium, are quite unusual and capable of 
catalytically hydrolyzing a wide variety of organophosphorus compounds including a 
commonly used substrate, the serine protease inhibitor diisopropyl fluorophosphates 
(DFP), and different fluoride-containing G-type nerve agents such as soman (GD, O-
pinacolymethylphosphonofluoridate), sarin (GB, O-
isopropylmethylphosphonofluoridate), GF (O-cyclohexyl methylphosphonofluoridate 
), and cyanide-containing tabun, GA (ethyl N, N-dimethylphosphoramidocyanidate).66-67 
Although little is understood about the native substrate or function, such enzymes have 
considerable potential for decontamination of toxic OPs and got a boost with the 
advancement on the identification, purification and large-scale production of OPAA.68-69 
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The currently fielded decontamination solution, DS2 and bleach are quite 
effective in decontaminating the CW agents. However, they are toxic and corrosive in 
nature that makes them hazardous for use by personnel, on equipment and for 
environment. It is also a logistical burden due to the weight and volume of the product 
and packaging. The enzyme-based decontamination system not only provides rapid 
removal of CW agents, but is also safe for users and benign on the environment. Cheng70 
and co-workers developed a simple and safe enzyme-based decontamination system, 
where the lyophilized OPAA enzyme is mixed into spray or foam with the existing spray 
or fire-fighting equipment. Such a system can be employed for CW decontamination in 
large areas such as equipment, vehicles, port facilities, stockpiles, large fixed sites, and 
clean-up operations that might result from a terrorist incident. Another approach is the 
application of OPAA in skin lotion or cream that also provides opportunity for personnel 
protection.  
However, there are still many formidable obstacles in the practical applications of 
these enzymes. Among the problems is that the enzymes, like many typical proteins, are 
relatively unstable under harsh conditions. For example, the enzymes lose their activity 
easily in the presence of organic solvents, at elevated temperature (e.g. > 40-60 °C) or 
over long period of storage because of protein denaturation. Furthermore, unprotected 
enzymes are vulnerable to the attacks from other biological substances such as proteases. 
In light of this, the development of a safe, long-term storage and non-corrosive OPAA-
based decontamination system is highly desired. Moreover, enzymes would be more 
widely used in organic solvents if their activity were not so drastically reduced. All of 
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these problems can be solved by immobilizing the enzymes in appropriate matrix with 
tunable porosity and functionality. 
The ability to successfully manipulate the properties of sol-gel derived bioglass 
obviously requires a detailed understanding of the development of the materials. In the 
present study we have aimed to understand the effects of organic functionality on the 
physicochemical properties of sol-gel derived materials and attempted to correlate this to 
enzyme activity by encapsulating the biocatalyst OPAA into mesoporous silica host 
materials of various compositions. OPAA was chosen owing to its ability to catalyze the 
hydrolysis of highly toxic organophosphorus compounds, which has potential application 
as the enzyme-based decontaminant system in the biological and chemical warfare. The 
organic functionality was incorporated into the matrix via the co-condensation of TMOS 
and MTMS and PTMS. The immobilization is achieved by nonsurfactant-templated sol-
gel method recently developed in our lab. The immobilization conditions, such as pH, 
template type and concentration, organic functionalization were investigated to achieve 
high remaining activity of the immobilized OPAA. The stability of the immobilized 
OPAA in the organic solvent, methanol, was also investigated and correlated with the 
microstructure of the silica matrix. The material properties that were examined included 
optical clarity (which is important in the development of optical sensors), pore structure 
(surface area, pore volume, pore size distribution), and hydrophilicity/hydrophobicity.  
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6.2. Experimental Section 
6.2.1. Materials 
Tetramethyl orthosilicate (TMOS, 99 %), methyltrimethoxysilane (MTMS, 97 
%), propyltrimethosxysilane (PTMS), were obtained from Aldrich Chemical Co. 
(Milwaukee, WI). D(-)fructose, poly(ethylene glycol) (PEG, MW 400), diisopropyl 
fluorophosphate (DFP), iospropanol, Bis-Tris Propane (BTP) were purchased from 
Sigma Chemicals (St. Louis, MO), HCl was product of Fisher Scientific (Fair Lawn, NJ). 
Organophosphorus acid anhydrolases (OPAA, EC 3.1.8.2) were provided by Dr. Tu-
Chen Cheng from U.S Army (SBCCOM) in the form of pH 7.3 BTP buffer solution (6.5 
mg/ml). Sodium fluoride is the product of Orion. All chemicals and reagents were used as 
received without further purification. 
6.2.2. Preparation of OPAA-Containing Biogels 
The OPAA was immobilized directly in the mesoporous silica materials via the 
nonsurfactant-templated pathway developed in our group. It was implemented by two 
different approaches. In the first approach, the nonsurfactant compound, fructose, was 
employed as the template during the immobilization of OPAA, both TMOS and mixture 
of TMOS/MTMS (molar ratio 3:1) were used as the precursors to form the pure silica and 
organically modified silica matrices, respectively. The OPAA-containing buffer solution 
was added to the pre-hydrolyzed precursors before gelation. This procedure was proven 
successful in cases of HRP and GOx as described in detail in chapter 4 and chapter 5, 
respectively. In the second approach, in place of fructose, another organic compound, 
poly(ethylene glycol) (PEG, MW 400) was employed as the template to accelerate the 
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gelation for fast immobilization of enzyme, especially in the cases where higher content 
of MTMS in the precursor mixture was used (up to 75 mol%). In order to minimize the 
deleterious effect of the liberated alcohol (methanol in case of TMOS) on the enzyme, the 
acid-hydrolyzed precursors were first degassed under vacuum to remove most of the 
water and alcohol. The pH of the mixture was tuned to around neutral by adding BTP 
buffer solution. Template was introduced to the above mixture followed by the addition 
of buffered enzyme solution. The mixtures were quickly mixed, sealed with Paraffin film 
and let it stand at room temperature until gelation occurred. After gelation, 15 pin-holes 
were punched on the Paraffin film to let the evaporation of the solvent and by-product 
(methanol in this case). All the samples were aged in the hood overnight and then put in 
vacuum oven for three days to accelerate drying process. The samples were crushed into 
powders and stored in the refrigerator for further characterization. 
As a typical OPAA-containing sample synthesized from the TMOS and 25 mol% 
MTMS in the presence of 50 wt% of fructose (denoted as OPAA-HF50), 2.320 g TMOS 
(15.0mmol) and 0.690 g MTMS (5.0mmol) were mixed with 0.70 g distilled water and 30 
µL 40mM HCl (1.2 × 10-2 mmol) under magnetic stir at room temperature. After ~15 
minutes, the precursors mixture became homogeneous, accompanied by the raise of 
temperature. Upon cooling to room temperature, 1.260 g fructose dissolved in 1.260 g 
distilled water (50 wt% solution, which account theoretically for 50 wt% in the final 
dried hybrid silica materials) was added to the pre-hydrolyzed TMOS/MTMS sol under 
agitation. Upon cooling the mixture to ~ 0 °C in dry ice bath, 1 ml BTP buffer (50 mM, 
pH 7.3) containing 0.15 mg OPAA was added. The resultant homogeneous sol was sealed 
with paraffin film, which had 15 pinholes punched with a syringe needle to allow the 
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evaporation of volatile molecules such as methanol and water. Gelation occurred within 
few minutes. After drying in air overnight then in vacuum to reach constant weight at 
room temperature, a transparent, monolithic disk of sample was obtained. The detailed 
composition of the samples (OPAA-F series and OPAA-HF series) made in this approach 
was listed in Table 6-1. 
A typical OPAA-containing sample synthesized by the low-shrinkage approach 
from pure TMOS as precursor in the presence of 50 wt% of PEG, denoted as OPAA-
TMOS-PEG50, 3.120 g TMOS (20.0 mmol) was mixed with 0.7 g distilled water and 30 
µL 40mM HCl (1.2 × 10-2 mmol) under magnetic stir at room temperature. After ~ 30 
minutes, the pre-hydrolyzed sol was connected to a vacuum pump (1 mmHg) to remove 
the solvent water and by-product methanol. The water and methanol were collected in 
cold-trap which was immersed in the mixture of dry ice and acetone. The occurrence of 
the bubbles slows until it takes several minutes for a single bubble form. After continuing 
degas for about 1 h, the volume of the sol shrank to ~ 50 % of its initial volume. To this 
degassed sol, 1.26 g PEG (MW 400) was added drop by drop under constant stir, 0.5 ml 
BTP buffer solution (50 mM, pH 7.3) was then added to adjust the pH of the mixture 
above 6.0 (which is favorable for the entrapment of enzyme). Gelation occurred within a 
minute after the addition of 0.5 ml OPAA buffer solution (50 mM, pH 7.3 BTP buffer, 
containing 0.30 mg OPAA). The mixture was sealed with Paraffin film, which had ~ 15 
pinholes punched by a syringe needle to allow the evaporation of the solvent and by-
product of methanol. After drying in air overnight and then in vacuum oven for three 
days to accelerate the drying process, a transparent, millimeter sized disk sample was 
obtained. The detailed composition of the samples (OPAA-TMOS-PEG50, OPAA-
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TMOS-F50, OPAA-TMOS-Cont, OPAA-MTMS-PEG50, OPAA-MTMS-Cont, OPAA-
3MTMS-PEG50, OPAA-3MTMS-Cont) made in this approach was listed in Table 6-2.  
6.2.3. Characterization of the OPAA-Containing Biogels 
The template was extracted from as-synthesized samples to yield mesoporous 
OPAA-containing biogels. The detailed extraction procedure can be found in the 
experimental section of chapter 4. Infrared spectra of the as-synthesized, buffer solution 
extracted samples were measured in the form of KBr powder-pressed pellets on a Perkin 
Elmer 1600 FT-IR spectrophotometer (Norwalk, CT) with a resolution of 4 cm-1. The 
BET (Brunauer-Emmett-Teller) surface areas of OPAA-containing biogels after 
removing template were characterized by N2 adsorption-desorption isotherms conducted 
on a Micromeritics ASAP (Accelerated Surface Area and Porosimetry) 2010 Instrument 
(Micromeritics, Inc., Norcross, GA) at –196 °C. Prior to the measurements, the samples 
were degassed at 120 °C and 1 Pa overnight. The BJH71 models were used to obtain the 
pore size distribution (PSD) and pore volume of the gels.  
6.2.4. Activity Assay of Free and Immobilized OPAA 
OPAA can catalyze the hydrolysis of a wide variety of organophosphorus 
compounds, in this experiment, diisopropyl fluorophosphates (DFP), a less toxic analog 
of the organophosphonate agents, were used as the substrate to characterize the activity of 
free and immobilized OPAA.70 pH/ion meter model 450 (Corning), combination fluoride 
ion selective electrode (Orion) were used to monitor the concentration change of fluoride 
ion which is generated during the OPAA catalyzed hydrolysis of DFP. The fluoride ion 
selective electrode is first calibrated with standard sodium fluoride solution. Spontaneous 
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DFP hydrolysis was determined by measuring the fluoride ion concentration change 
during DFP hydrolysis alone in 2.475 mL BTP buffer (50 mM, pH 8.0) and 2 µL 100 
mM MnCl2 without adding the enzyme OPAA. Once the spontaneous rate of DFP is 
determined, a fresh BTP buffer solution (2.475 mL, 50 mM BTP at pH 8.0) and 2 µL 100 
mM of MnCl2 were added to the reaction vessel with a dilute concentration of OPAA. 
Measurement started as soon as 25 µL of DFP was added to the reaction vessel at interval 
of two minutes for total ten minutes, the DFP hydrolysis rate was calculated using the 
highest linear slope obtained from the second and fourth point of measurement. The 
enzyme activity was assessed from the difference of the DFP spontaneous rate and 
OPAA-catalyzed DFP hydrolysis rate. For free OPAA, the stock solution (15.0 mg/ml) 
was dilute with BTP buffer (50 mM, pH 8.0) at the ratio of 1:50 and then 2 µL (which 
contain 2.5 µg OPAA) was used directly. For immobilized OPAA samples, certain 
amount of powder samples (which contain 10 µg OPAA) were weighed and extracted 
with dilute BTP buffer (50 mM, pH 7.3) solution three times before the activity assay. 
For detailed extraction procedure, please refer to the experimental section of chapter 4. 
All measurements were made in triplicate to obtain the average values.  
6.2.5. Stability of the Free and Immobilized OPAA in Organic Solvent 
To test the effect of the organic solvent on both free and immobilized OPAA, the 
OPAA were first soaked in 20 % (v/v) methanol solution and then the activity assay was 
performed as described above. The remaining activity of free and immobilized OPAA 
over time were assayed at several time intervals and compared.  
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6.3. Results and Discussions 
6.3.1 Nonsurfactant-Templated Sol-Gel Immobilization of OPAA  
Biological species are very sensitive to alcohol and pH. The usual sol-gel 
procedure has then been to be slightly modified to meet these requirements. The neat 
alkoxide is pre-hydrolyzed under acid-hydrolyzed conditions before biomolecules are 
added to the solution. Methanol is released during this hydrolysis reaction. It behaves as a 
co-solvent, and a transparent solution of hydrolyzed precursors is obtained after a few 
minutes accompanied with temperature increase because of the exothermic hydrolysis. 
After cooling to room temperature, this solution is then mixed with a buffered solution 
(pH~7) containing the biomolecules. Condensation reactions are quite fast at this pH, and 
a gel network rapidly grows in which the biomolecules remain embedded. Some enzymes 
are quite fragile and in these cases entrapment has to be performed at around 0 °C. 
Without the template or pore forming agents, the thus synthesized xerogels (air-dried gel) 
are microporous with pore size typically around 10 Å. In the presence of the template, the 
pore parameters can be tuned to some extent simply by changing the concentration of the 
template during the sol-gel process, which is demonstrated in detail in previous chapters. 
6.3.2. Low-Shrinkage Sol-Gel Immobilization of OPAA  
In traditional and most of the modified sol-gel immobilization, sol-gel matrices 
have been prepared by hydrolysis and condensation of an orthosilicate such as TMOS or 
TEOS. First, TMOS (TEOS) is partially hydrolyzed in an acidic medium by addition of 
controlled amount of water. Next, the biological species are introduced in a suitable 
buffer solution to facilitate gelation. The pH of the buffer solution is chosen to allow the 
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final solution to be close to neutrality in order to avoid denaturation of proteins. 
However, hydrolysis of TMOS (or TEOS) as starting material leads to generation of 
methanol (or ethanol), presence of which in large quantities can be deleterious to proteins 
and cells. In low temperature aging typically used with encapsulation of biological 
species, the generation of alcohol proceeds for an extended period of time allowing the 
encapsulated species to denature over time. Moreover, this process involves considerable 
shrinkage from wet gel into xerogel (normally 1/8 of its original volume), thus exerting 
pressure on the encapsulated enzymes. 
In light of this, we adapted the low-shrinking sol-gel procedure72 which was 
developed in our lab for the immobilization of the OPAA. This procedure has several 
advantages over the traditional sol-gel encapsulation. First, most of the alcohol liberated 
during the hydrolysis is removed before the addition of OPAA, this minimizes the 
denaturation of the OPAA during the immobilization. Second, removal of the alcohol and 
water reduce the large-scale shrinkage and pore collapse during the xerogel formation. 
The template molecules added also help the pore forming and preserve the pore structure. 
In our experiment, the volume shrinkage of the OPAA-containing samples is around 1/2 
of their original volume. Third, the removal of the solvent from the sol accelerates the 
gelation, which is favorable for the immobilization of enzyme since the enzyme 
molecules can be frozen in its active conformation within the silica matrix. Prolonged 
gelation time will result in the denaturation of the enzyme in the presence of alcohol over 
time.8,12 
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6.3.2. Surface Area and Pore Structure of the Silica Matrix 
 The surface area and pore structure of the silica matrix synthesized from the 
TMOS and TMOS/MTMS in the presence of nonsurfactant compounds, fructose in this 
case, has been characterized by N2 adsorption-desorption isotherms as discussed in detail 
in chapter 2. Since the amount of OPAA is fairly small (~ 0.3 mg) compared to that of the 
template molecules, the entrapment of the OPAA in such silica materials does not change 
the structure of the silica matrix. Figures 6-1, and 6-3 show the representative N2 
adsorption-desorption isotherms for the water-extracted samples synthesized from 
fructose-templated pure TMOS and TMOS/MTMS (molar ratio 3:1), respectively. As the 
concentration of fructose increases from 0 to 60 wt%, the isotherms changes gradually 
from reversible Type I, typical of microporous materials, to Type IV with H2 hysteresis 
loop, typical of mesoporous materials. The incorporation of the methyl group into the 
silica matrix (OPAA-HF series samples in Table 6-1) via the nonhydrolyzable Si-C 
covalent bond increase the hydrophobicity but decrease the pore volume and pore size. 
The BJH pore size distribution calculated from the desorption branch of the isotherm 
showed the peak pore diameter around 3.5-5.0 nm for pure TMOS-derived samples 
(Figure 6-2) and 3.0-4.0 nm for the TMOS/MTMS-derived samples (Figure 6-4).  
 Figures 6-5 and 6-6 are the N2 adsorption-desorption isotherm and BJH pore size 
distribution, respectively, for the OPAA-containing samples synthesized in the presence 
of 50 wt% PEG as template. TMOS-PEG50-OPAA is a typically mesoporous silica 
material with pore size around 3.2 nm, while sample MTMS-PEG50-OPAA is 
predominantly microporous material.  The introduction of the methyl groups into the 
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silica matrix increase the hydrophobicity but decrease the pore volume, 0.71 cm3g-1 for 
TMOS-PEG50-OPAA and 0.61 cm3g-1 for MTMS-PEG50-OPAA. 
As for the mechanism of the mesopore formation during the template sol-gel 
immobilization, we speculate that both of the pore forming agent and biomolecules 
participate in the mesophase formation. In this way, the dopant biomolecules serves as a 
nucleus which enables condensation polymerization to readily take place. Thus, the 
protein acts as a structural template around which the gel network can develop and form a 
porous inorganic polymer cage. 
The infrared spectrum of both as-synthesized and after-extracted OPAA-
containing samples prepared in the presence of 50 wt% fructose and PEG400 are shown 
in Figures 6-7 and 6-8, respectively. The as-synthesized samples shows major absorption 
bands associated with fructose and PEG molecules. For example: symmetrical and 
asymmetrical –CH2 stretching occur at 2852 and 2922 cm-1 respectively, and C-C-O 
stretching vibration designated at ~1100 cm-1. These bands disappeared in the water-
extracted samples, indicating a complete removal of the template molecules.  
6.3.3. Dependence of OPAA Activity on the Silica Pore Structure 
The as-synthesized OPAA-containing samples were first extracted with BTP 
buffer (50 mM and pH 7.3) before doing the activity assay. It is well known that the 
activity of immobilized enzymes are highly depended on the pore structure, since the 
diffusion of the substrate into and product out of the silica matrix play an important role 
during the enzymatic activity measurement. OPAA immobilized in the microporous silica 
matrix without adding template, i.e. TMOS-cont-OPAA and MTMS-cont-OPAA and 
3MTMS-cont-OPAA, show little or no apparent activity. The introduction of the 
215 
template, especially when the template concentration is above 50 wt%, significantly 
improve the accessibility of the enzyme OPAA to the substrate DFP. In these materials, 
there are numerous interconnected mesopores or channels which can entrap the OPAA 
efficiently without leakage and facilitate the diffusion of the small molecules (both 
substrate and products) in and out of the silica matrix.  
Our preliminary results showed that the OPAA immobilized in pure and low 
content (25 mol% MTMS) of organic-modified silica matrices synthesized via the first 
approach has low remaining activity, i.e. < 10 % compared with the free OPAA in 
solution (Figure 6-9). This may due to several factors, including enzyme denaturation 
during the sol-gel process because of the presence of the liberated methanol, reduced pore 
size arise from the introduction of organic groups onto the surface of the silica matrix and 
low affinity of substrate to the enzymes.  
The presence of MTMS results in an improvement in protein function which 
becomes greater as the level of MTMS increases (Figure 6-10), and provides activity 
values that are ~2 fold higher than those obtained in TMOS-derived samples. Take the 
pore size of the TMOS and MTMS/TMOS(1:1 molar ratio)-derived silica matrix into 
account as shown in Figure 6-6, even the pore size of methyl-modified silica matrix is 
much less than that of the pure silica matrix, the OPAA immobilized in methyl-modified 
silica matrix has higher enzymatic activity than that in pure silica matrix. The presence of 
PTMS resulted in no improvement in activity. This result was somewhat unexpected, and 
may be due to precipitation/denaturation of the OPAA molecules by the liberated 
methanol during the prolonged sol-gel process, since the gelation time of PTMS-derived 
sample is much longer than those of TMOS- or TMOS/MTMS-derived samples.  
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At high level of MTMS, the incorporation of the methyl group into the silica 
matrix significantly improves the microenvironment of the immobilized enzyme, and 
assist in the solubilization and even dispersion of the oily organophosphorus compounds 
for enzyme action.  
Besides the commonly used the nonsurfactant templates, like fructose or glucose, 
we also tried to employ the use of nonionic polyethylene glycol (PEG, MW 400) as the 
template during the sol-gel immobilization of OPAA. This idea comes from several 
considerations.  First, PEG has long been known as protectant to preserve the overall 
enzyme structure and minimize enzyme inactivation during the lyophilization.73 Second, 
at the higher concentration of organosiloxane, the fructose will precipitate from the 
hydrolyzed sol and resulted inhomogeneous, opaque sample, while for PEG, it will form 
homogeneous sol before gelation. Third, the addition of PEG accelerates the gelation and 
preserves the transparency of the samples even under high concentration.63 Fourth, 
previous research has demonstrated that the use of PEG has no deleterious effect on the 
physical properties of the sol-gel materials.3  
6.3.4. Stability of Immobilized OPAA in Organic Solvent 
Although enzymes are very efficient and specific in catalyzing certain kinds of 
reaction, they also have some drawbacks in their practical applications. Among the 
problems is that the enzymes, like many typical proteins, are relatively fragile and 
unstable under harsh conditions including elevated temperature, severe pH and presence 
of organic solvents. Furthermore, unprotected enzymes are vulnerable to the attacks from 
other biological substances such as proteases. 
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Our results show that the activity of free OPAA decreased sharply when mixed 
with methanol, i.e. 50 % drop in activity after soaking in 20 % (v/v) methanol solution 
for just 10 minutes. The decreased enzymatic activity was also demonstrated by the 
immobilized OPAA synthesized by the first approach in our experiment (< 10% 
remaining activity than that of free OPAA in solution), where the denaturation of OPAA 
molecules in the liberated methanol during the hydrolysis of the precursors can be 
attributed partly to the low remaining OPAA activity. This prompted us to use the low-
shrinking sol-gel approach developed in our lab in the sol-gel immobilization of OPAA. 
This low-shrinking approach minimized the denaturation of the OPAA and proved highly 
effective in preserving the OPAA activity (Figure 6-11). Compared to the OPAA-
containing sample synthesized in the presence of 60 wt% of fructose via the first 
approach, sample synthesized from TMOS in the presence of 50 wt% of fructose or PEG 
via the second approach showed almost ~ 15 fold increase in the activity. The sample in 
the presence of PEG as template has slightly higher activity than that in the presence of 
fructose as template, which can be attributed partly to the stabilizing effect of PEG on 
OPAA during the sol-gel process.  
The encapsulation of the OPAA in the silica matrix leads to stabilizing effects. 
First, protein denaturation due to methanol is reversible in the confined sol-gel matrix, 
where the OPAA molecules remain in the folded state as compared to the unfolded 
(denatured form) in the solution. Immersing the methanol-soaked samples in pure buffer 
led once again to the native OPAA. A second significant feature of sol-gel 
immobilization is that protein aggregation did not occur, even when the gels were soaked 
in methanol solution several days, a condition which produces protein aggregation in 
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solution. These results suggest that confining the OPAA molecules within the 
mesoporous silica matrix not only avoid leakage but also constrain the long-range 
migration of the protein so that the aggregation is prevented, yet the molecules remain 
sensitive to changes in the local environment. Further investigation of the protein folding-
unfolding in rigid matrix artificial chaperone74-75 (RMAC) is currently underway in our 
lab.  
Figure 6-12 illustrated the activity of free and immobilized OPAA soaked in 20 % 
(v/v) methanol. For free OPAA, the time difference is 10 minutes, while for the 
immobilized OPAA, the measurement was taken at intervals of 24 h for three days. The 
free OPAA showed a sharp decrease of activity of 50 % after soaking in 20% methanol 
for just 10 minutes, while for the immobilized OPAA, after soaking in methanol for 24 h 
and then back in BTP buffer solution, the activity was retained or even higher than that 
before methanol treatment. The increased activity can be attributed to two factors: (1) 
further removal of the template from the mesopores and the reduced diffusion of the 
substrate within the silica matrix; (2) constrained cage effect avoid the irreversible 
denaturation of the immobilized OPAA molecules. The drop in the activity in third day 
might arise from the fact that the activity assay was conducted in relatively high pH (8.0-
8.5), under this pH, hydroxide ions (OH-) can attack and dissolve the silica matrix, which 
cause the collapse of the pore structure and catastrophic loss of entrapment efficiency. It 
has been known that silica-based supports are not stable in an alkaline medium, and even 
prolonged use in neutral pH aqueous solutions can lead to the leakage of immobilized 
dopent from the supports.1 
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6.4. Conclusions 
The enzyme OPAA has been successfully entrapped in the mesoporous silica 
(both pure and hybrid) matrix in the presence of nonsurfactant template, fructose and 
PEG via the modified low-shrinking method. Removal of the methanol from hydrolyzed 
sol before the addition of the OPAA-containing buffer solution not only prevents the 
denaturation of the proteins but also reduces the volume shrinkage of the silica matrix. 
These results define a strategy for the encapsulation of the biomolecules within the sol-
gel matrix. The pH/buffer/alcohol stability of the protein in the mesoporous silica matrix 
provides an important guideline for successful sol-gel synthesis as well as for identifying 
optimum synthetic conditions for protein function. Finally, it was shown that 
encapsulation of OPAA within the sol-gel matrix provides stabilization towards external 
reagents like the organic solvent. Once entrapped within the network, denaturation of the 
biomolecules is reversible and the native form can be regenerated. In addition, protein 
aggregation is avoided because of the restriction in protein mobility. 
Overall, the ability to entrap OPAA into optically transparent hybrid materials 
with up to 30 % retention of solution activity and enhanced stability in the organic 
solvent indicates that the development of enzyme-based decontaminant and optical 
biosensor based on these biomaterials is possible. 
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Table 6-1. Composition and Pore Parameters of Water-Extracted OPAA-containing 
Mesoporous Silica Matrices Synthesized from the First Approach 
a First series samples starting with OPAA-F were synthesized from the pure TMOS as 
precursors, second series samples starting with OPAA-HF were synthesized from the 
mixture of TMOS/MTMS (molar ratio of 3:1), control samples were made from the 
precursors in the presence of 1 mL buffer solution without adding the OPAA and the 
template, fructose. b Theoretical value from the feeding composition of the reaction 
mixture. c The BET surface area using the Kelvin equation in the relative pressure (P/P0) 
of 0.10-0.30. d The single point pore volume determined at P/P0≈1. e Determined by the t-
plot method. f The BET pore diameter calculated from 4V/S. 
microporef 
Sample IDa 
D-fructoseb 
(wt%) 
SBETc 
(m2.g-1) 
VSPd 
(cm3 g-1) 
DBETe 
(Å) 
area 
(m2.g-1) 
vol. 
(cm3.g-1)
OPAA-Cont 0 465 0.270 24.1 168 0.094 
OPAA-F0 0 449 0.254 23.0 145 0.080 
OPAA-F20 20 573 0.320 22.6 140 0.079 
OPAA-F40 40 635 0.515 31.5 -- -- 
OPAA-F50 50 717 0.730 39.5 -- -- 
OPAA-F60 60 741 0.985 51.7 -- -- 
OPAA-H-Cont 0 557 0.318 23.4 188 0.110 
OPAA-HF0 0 541 0.311 23.0 124 0.130 
OPAA-HF20 20 730 0.413 22.9 191 0.110 
OPAA-HF40 40 838 0.624 28.8 -- -- 
OPAA-HF50 50 776 0.673 33.3 -- -- 
OPAA-HF60 60 786 0.837 41.1 -- -- 
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Table 6-2. Compositions of Low-Shrinkage OPAA-containing Mesoporous Silica 
Materials 
Sample ID 
Precursor(s) 
(molar ratio) 
Template Mass (g) Appearance 
OPAA-TMOS-C TMOS No 1.3967 Transparent 
OPAA-TMOS-F50 TMOS Fructose 2.8242 Transparent 
OPAA-TMOS-PEG50 TMOS PEG 2.7518 Transparent 
OPAA-MTMS-C TMOS/MTMS (1:1) No 1.3593 Transparent 
OPAA-MTMS-PEG50 TMOS/MTMS (1:1) PEG 2.6000 Transparent 
OPAA-3MTMS-C TMOS/MTMS (1:3) No 1.3797 Translucent 
OPAA-3MTMS-F50 TMOS/MTMS (1:3) Fructose 2.6030 Opaque 
OPAA-3MTMS-PEG50 TMOS/MTMS (1:3) PEG hydrogel Translucent 
 
Note: The loading of the OPAA in each sample is 0.3 mg, since the sol is homogeneous 
before gelation, OPAA is evenly distributed in the whole sample. 
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Figure 6-1. N2 adsorption-desorption isotherms at -196 °C for the water-extracted OPAA-
containing sol-gel matrices synthesized in the presence of 0-60 wt % D-fructose.  
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Figure 6-2 The BJH desorption pore size distributions from the N2 desorption isotherms 
for the OPAA-containing hybrid sol-gel samples synthesized in the presence of 0-60 wt 
% D-fructose. 
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Figure 6-3. N2 adsorption-desorption isotherms at -196 °C for the water-extracted OPAA-
containing hybrid sol-gel matrices synthesized in the presence of 0-60 wt % D-fructose. 
Precursors is composed of 75 mol% TMOS and 25 mol% MTMS.  
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Figure 6-4. The BJH desorption pore size distributions from the N2 desorption isotherms 
for the OPAA-containing hybrid sol-gel samples synthesized in the presence of 0-60 wt 
% D-fructose. The precursors composed of 75 mol% TMOS and 25 mol% MTMS. 
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Figure 6-5. N2 adsorption-desorption isotherms at -196 °C for the water-extracted OPAA-
containing sol-gel matrices synthesized in the presence of 50 wt % PEG (MW 400).  
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Figure 6-6. The BJH desorption pore size distributions from the N2 desorption isotherms 
for the OPAA-containing hybrid sol-gel samples synthesized in the presence of 50 wt % 
PEG (MW 400). 
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Figure 6-7. FT-IR of OPAA-containing samples synthesized from the hydrolysis of 
TMOS in the presence of 50 wt% fructose as template. (a) before water extraction (b) 
after water extraction. 
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Figure 6-8. FT-IR of OPAA-containing samples synthesized from the hydrolysis of 
TMOS or TMOS/MTMS(1:1) in the presence of 50 wt% PEG as template. (a) TMOS, 
before water extraction (b) TMOS, after water extraction (c) TMOS/MTMS, before 
extraction (d) TMOS/MTMS, after extraction. 
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Figure 6-9. Activity of immobilized OPAA via the first approach (a) OPAA-F0, (b) 
OPAA-F20, (c) OPAA-F40, (d) OPAA-F60, (e) OPAA-HF0, (f) OPAA-HF20, (g) 
OPAA-HF40, (h) OPAA-HF60. 
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Figure 6-10. Activity of immobilized OPAA synthesized via the first approach (a) 
OPAA-F60 and via the second approach (b) TMOS-F50-OPAA, (c) TMOS-PEG50-
OPAA, (d) MTMS-PEG50-OPAA, (e) 3MTMS-hydrogel-OPAA. Under the same 
enzymatic activity assay conditions, the average reading of free OPAA is 381.2. 
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Figure 6-11. Activity of immobilized OPAA synthesized via the first approach (a) 
OPAA-F60, and samples synthesized via the second approach after soaking in methanol. 
(b) TMOS-F50-OPAA, (c) TMOS-PEG50-OPAA, (d) MTMS-PEG50-OPAA, (e) 
3MTMS-hydrogel-OPAA.  
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Figure 6-12. Stability of immobilized OPAA in methanol. (a) TMOS-F50-OPAA (b) 
TMOS-PEG50-OPAA (c) MTMS-PEG50-OPAA. 
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Chapter 7 Conclusions and Suggested Future Work 
 
 
7.1. Conclusions 
A variety of transparent, organic-inorganic hybrid mesoporous silica materials 
have been synthesized via the acid-catalyzed hydrolysis and co-condensation of the 
TMOS and organosiloxanes RSi(OMe)3 (R is methyl, n-propyl and phenyl). 
Nonsurfactant compound such as D-fructose is used as template or pore forming agent 
during the sol-gel process. Removal of the templates from the as-synthesized xerogels by 
water extraction yields mesoporous hybrid materials. Characterization of FT-IR 
demonstrates that the organic groups are incorporated into the silica matrix via the 
nonhydrolyzable Si-C covalent bond and functions as network modifier.  
Nitrogen adsorption and transmission electronic microscopy characterization 
show that the hybrid sol-gel materials obtained by removing the templates posses a three 
dimensional network with interconnected mesopores. The pore diameters range from 2-4 
nm which is tunable to some extent by changing the template concentration. At low 
fructose concentration, micropores and mesopores are coexisted, as the template 
concentration increases, the surface area and pore diameter increase gradually. Compared 
with the TMOS-derived mesoporous materials, the incorporation of organic groups into 
the silica matrix decrease the pore size and pore volume since most of the organic groups 
are located on the silica surface instead burying in the silica walls. Conclusions drawn 
from these hybrid mesoporous systems are in good agreement with the TMOS-derived 
mesoporous system synthesized in a similar approach. This approach provides a general 
protocol to design a wide range of organically functionalized, mesoporous hybrid 
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materials with controllable porosity and surface characteristic (i.e., functionality, 
hydrophilic/hydrophobic).  
The mild synthesis condition and the biocompatibility of the template can be 
readily adapted in the encapsulation of biomolecules, especially lipophilic enzymes, in 
the organic-modified mesoporous silica materials. It could open up new avenues for 
biocatalyst and biosensor application. Direct immobilization of enzymes in such organic-
modified hybrid mesoporous silica materials is demonstrated by the single enzyme 
systems, including horseradish peroxidase, organophosphorus acid anhydrolase, and 
multiple enzyme system, including glucose oxidase and horseradish peroxidase. The 
immobilization conditions, including pH, template concentration, methanol, composition 
of the matrix, etc. are optimized to preserve maximum activity of immobilized enzymes. 
Due to the rigid cage effect of the mesopores, the immobilized enzymes show much 
higher thermal stability and operational stability.  
The study demonstrates that this novel sol-gel immobilization is versatile in terms 
of enzymes, templates and matrix chemical composition. The optically transparent 
biomolecules doped sol-gel materials have numerous potential applications in biocatalyst 
and biosensor. 
 
7.2. Suggested Future Work 
Despite apparent success of the sol-gel immobilization techniques, a few factors 
associated with the current sol-gel process is still severely hinder its practical application, 
leaving much room for further modification and optimization. Continued studies are 
warranted to provide us a much more detailed picture of biomolecules within the 
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microstructure of the silica matrix. The local environment of the entrapped biomolecules 
still remains practically unknown. Crack-free mesoporous film with good adhesion to the 
substrate is still challenging in the field of the biosensor application. Future works should 
be directed to answer some fundamental questions about the structure and properties of 
both guest biomolecules and the host sol-gel matrix. Typical example would be the 
protein folding/unfolding during the overall sol-gel process. To avoid denaturation of the 
biomolecules in the methanol(ethanol) liberated during the sol-gel process and to 
preserve the activity of the immobilized biomolecules, it is also worthwhile to use 
aqueous silicate salts instead of metal oxides as precursor during this nonsurfactant 
templated sol-gel immobilization.  
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Appendix A 
 
Synthesis of Water-Soluble Polymers via the UV Photopolymerization 
(An Independent Research Proposal Defended and Passed on April 24th, 2001 in 
Partial Fulfillment of the Requirement for the Ph.D Candidacy) 
 
 
ABSTRACT 
Water-soluble polymers are a class of polymers that can either dissolve or swell in 
water and form either solution or hydrogel. They represent a major business with 
estimated world market around US$6 billion per year. They appear in a great variety of 
products and find applications in many fields including: water treatment, cosmetics, 
personal care products, pharmaceuticals, oil recovery, pulp and paper production, mineral 
processing, agriculture, etc.  
The manufacture of the water-soluble polymers is generally commercially 
implemented by various processes including aqueous solution polymerization, inverse 
suspension (W/O) polymerization, and inverse emulsion (W/O) polymerization, which 
are initiated by either thermal initiators or redox couple initiators. Each of the above 
processes has its associated disadvantages, however, which limits its practical use in the 
manufacturing of the water-soluble polymers. Among all of the water-soluble polymers, 
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poly(acrylic acid) and polyacrylamide based water-soluble polymers are used in a 
wide range of products because of their high performance and low cost. 
Photopolymerization has many advantages including low activation energy, rapid 
reaction rate, high monomer conversion, low or room temperature operation, and no 
flammable or toxic solvent involved. In addition, it provides both spatial and temporal 
control. In this proposal, a fast, clean and cost effective process for the synthesis of 
linear, high molecular weight water-soluble polymers and lightly crosslinked water-
soluble polymers via the UV photopolymerization is proposed. The application of 
photopolymerization will open up a new pathway in the synthesis of water-soluble 
polymers.  
 
INTRODUCTION 
What are water-soluble polymers? Water-soluble polymers are polymers that can 
either dissolve or swell in water to form either solution or hydrogel. The key to water 
solubility of water-soluble polymers lies in positioning sufficient numbers of hydrophilic 
functional groups along the backbone or side chains of polymers[1]. Some of the major 
functional groups that possess sufficient polarity, charge, or hydrogen bonding capability 
for hydration are listed on Figure 1.  
 
COOH
COO M
CONH2
SO3 M
SO3 H
NH2
OH
SH
O
NHR
N R3X
+ _
+_
+_
N H3X
+ _
N
N N
C C
C
NH2
NH2NH
 
Figure A-1. Functional groups imparting water solubility 
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The above functional groups not only impart solubility, but also bring many 
useful properties like chelating, dispersing, absorption, flocculation, thickening, drag 
reduction and etc. to the polymers. Moreover, some of these groups can further react to 
form other kinds of functional groups, so the water-soluble polymers find extensive 
applications in areas including water treatment, cosmetics, personal care product, 
pharmaceutical, oil recovery, pulp and paper production, mineral processing, agriculture 
and etc.  
Classification of water-soluble polymers. Water-soluble polymers are categorized 
into: naturally occurring polymers (e.g. polypeptides, albumin, gelatin, agar, etc.), semi-
synthetic polymers (e.g. cellular ethers and starch derivatives) and synthetic water-
soluble polymers. Among these, synthetic water-soluble polymers have experience the 
most rapid development, and represent a major business with estimated world market 
around $6 billion per year. Its diversity and quantity far exceeds those of the natural and 
semi-synthetic water-soluble polymers and receives greater interest with the development 
of the petrochemical industry. Some important examples of synthetic water-soluble 
polymers are listed in Table A-1. 
Properties and applications. Water-soluble polymers may be used as materials 
(e.g. superabsorbent, soluble packaging, soft contact lens etc.), but most applications 
arise from their properties in solution, especially from their ability to modify the rheology 
of an aqueous medium and to adsorb from solution onto particles or surfaces. Some of the 
important properties and applications of water-soluble polymers are illustrated in Figure 
2[2].  
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Table A-1. Common synthetic water-soluble polymers 
Nonionic water-soluble 
polymers 
Anionic water-soluble 
polymers 
Cationic water-soluble 
polymers 
 
CHCH2
CONH2
CHCH2
OH
CHCH2
N
CH2CH2
CH2 C
O
Poly(acrylamide)
Poly(vinyl alcohol)
Poly(vinyl pyrrolidone)  
 
 
CHCH2
COOH
OP
OH
CHCH2
Poly(acrylic acid)
Poly(phosphoric acid)
Poly(styrene sulphonic acid)
O
SO3H
 
 
CHCH2
NH2
CHCH2
Poly(vinylamine)
Poly(dimethyldiallylammonium chloride)
Poly(4-vinyl-N-alkyl-pyridinium) salts
N
RX
+
_
CH2
CH3CH3
CHCH2
CH2
CH
CH2
+
ClN
_
 
Current synthesis of water-soluble polymers. The water-soluble polymers are 
commonly synthesized from water-soluble monomers, like: acrylic acid (AA) and its 
sodium salt, acrylamide (AM), hydroxyethyl methacrylate (HEMA), hydroxyethyl 
acrylate (HEA), vinylyyrolidone (VP), quaternary ammonium salt, like dimethyldiallyl 
ammonium chloride (DMDAAC) and etc. They generally follow the free radical 
polymerization mechanism. The synthesis is commercially implemented by various 
processes including aqueous solution polymerization, inverse suspension polymerization 
and inverse emulsion polymerization. 
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Solution polymerization is commonly used in the synthesis of linear, low 
molecular weight water-soluble polymers. Poly(acrylic acid) and its copolymers which is 
widely used as water treatment agent[3-6], polyacrylamide and its copolymer with 
DMDAAC which is used as cationic flocculent[7-8] are polymerized in solution. 
 
 
Figure A-2. Important properties and applications of water-soluble polymers. 
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In order to synthesize the high molecular weight poly(acrylic acid), 
polyacrylamide and their copolymers, inverse suspension/emulsion processes have to be 
used. In the solution process, the water-soluble monomers are polymerized in a 
homogenous aqueous solution in the presence of free-radical initiators, mostly redox 
couples. The solution process certainly requires low operating costs, principally in the 
avoidance of materials such as organic phases and emulsifiers. As the polymerization is a 
very exothermic reaction (55-95 KJ/mol), in the solution process, as the conversion of the 
monomer and molecular weight of the polymer increases, the viscosity of the system 
increases sharply, thus makes heat removal very difficult. This could cause explosive 
polymerization, which is detrimental to the production, so in this process, the monomer 
content in the solution must be controlled. 
Linear, high molecule weight, polyacrylamide-based polymers are commercially 
synthesized through inverse emulsion (W/O, 0.05-1 µm) polymerization[9-14], while the 
production of lightly crosslinked, poly(acrylic acid)-based superabsorbent polymers is 
generally manufactured by inverse suspension (W/O, 0.05-2 mm) polymerization[15-17]. In 
both cases, the aqueous monomer mixture (i.e. water phase) is emulsified/suspended in 
an aliphatic or aromatic hydrocarbon phase (i.e. oil phase), and the size of particles 
strongly depends on the chemical and physical properties of the emulsifiers or dispersing 
agents used. The existence of the oil phase overcomes some of the problems associated in 
solution process, since it lowers solution viscosities and can dissipate the heat of 
polymerization. Moreover, it is also attractive because it permits relatively higher 
monomer content. However, the biggest disadvantage in these processes is the separation 
and/or recycling of the oil phase after the polymerization, which drives up the cost and 
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causes environmental pollution. A clean, low cost process with good productivity is 
highly desired in industry. 
 
PHOTOPOLYMERIZATION 
What is photopolymerization? Photopolymerization, also called photoinduced 
polymerization, is usually considered as a radical chain reaction where the initiation step 
is produced by a photochemical event. Accordingly, the liquid monomer formulation 
exposed to UV or visible light is converted into a solid polymer.  
Principle of photopolymerization. As most monomers, oligomers or prepolymers 
commonly employed do not produce initiating species with a sufficient quantum yield 
upon light exposure, it is necessary to introduce low molecular weight organic molecules, 
called photoinitiators (PI), to initiate the polymerization. This very important stage of the 
reaction is referred to as the photoinitiation step. It is where photophysical and 
photochemical processes occur. Photophysical processes of the photoinitiator consist of 
radiative and non-radiative processes as shown in Figure 3[18]. Radiative processes consist 
of the absorption of a photon by a photoinitiator molecule in its ground electronic state 
(S0) and emission of a photon from an electronically excited singlet S1 (fluorescence) or 
triplet state T1 (phosphorescence). Non-radiative processes are internal conversion (IC, 
S1-> S0) and intersystem crossing (ISC, S1-> T1).  
249 
S0
S1
T
Phosphorescence
Fluorescencehv
Energy
ISC
 
Figure A-3. Photophysical process of photoinitiator. 
 
The photochemical processes of the photoinitiator that result in a transformation 
of the photoinitiator molecule often take place in the triplet states (T). Through cleavage 
processes, electron transfer reactions, hydrogen abstractions, isomerization, 
rearrangement etc., the primary radical is produced. 
PI hv R.PI *1 PI *2
Singlet(S) Triplet(T) Primary radical  
The produced primary radical will initiate the monomers to form polymer through 
the initiation, propagation, and termination reactions as in the usual free radical 
polymerization. 
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Features of Photopolymerization. The use of light, rather than heat or redox 
couples, to initiate a polymerization reaction offers some important advantages that can 
be exploited to develop new processes or products. The most prominent feature of 
photopolymerization is that the activation energy (20 KJ/mol)[40] is much lower than that 
of the redox couple initiated polymerization (40-50 KJ/mol)[40] and thermally initiated 
polymerization (80-96 KJ/mol)[40]. The photopolymerization can proceed under wide 
temperature range with extremely rapid reaction rate, especially under a low or room 
temperature, and results in higher monomer conversion and low monomer residue. 
Moreover, photopolymerization provides both spatial control and temporal control of the 
reaction since light can be directed to locations of interest in the system and is easily 
shuttered on or off. In addition, photopolymerization provides solvent-free formulations, 
which reduce the emissions of volatile organic pollutants. The current development of 
powerful and versatile laser sources opens up new fascinating applications such as in the 
direct laser writing of complex patterns, the recording and storage of information and the 
machining of three-dimensional models. 
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Applications of photopolymerization. Currently, most of the applications of the 
photopolymerization are focused on the UV curing area and photoinitiated grafting. The 
UV curing refers to the use of UV as an energy source to induce the rapid conversion of 
specially formulated 100% reactive liquids to solids. Some of the most prominent 
applications are related to the UV curing of varnishes, paints, and coatings[19], whereas 
imaging area represents a large class of application in the printing industry, 
microelectronics, stereolithography and etc.[20-22] Photoinitiated grafting is focused on the 
surface modification of the polymers. One area of particular importance is associated 
with the modification of synthetic and natural polymer surfaces. Some of the examples 
include: surface modification of polyethylene (HDPE, LDPE)[23-24] polypropylene[25], 
ethylene propylene-diene(EPDM)[26], polyurethane[27], styrene-(ethylene-co-butene)-
styrene block copolymer (SEBS)[28-30], with vinyl acetate or acrylic monomers. In the 
areas of water-soluble synthesis, there are only a few reports can be found, e.g. Kurahashi 
and coworkers patented a multistage photopolymerization of polyacrylamide which used 
as coagulent and thickening agent[31-32], Lai and coworkers reported photopolymerization 
of hydroxyethyl acrylate (HEA) under a series of photoinitiators and dispersing agents[33], 
Fouassier and Carve reported photopolymerization of acrylamide in inverse micelle by 
using decane and toluene as oil phase.[34-35].  
 
PHOTOINITIATORS 
Photoinitiators. Photoinitiators are compounds that can absorb photons and 
produce free radicals through the photophysical and photochemical process, the produced 
radical then start the polymerization. Photoinitiators sensitive to UV radiation are usually 
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built on the benzoyl chromophore, which exhibits good absorption in the UV wavelength 
range and a good photochemical reactivity. 
Free radical photoinitiators generally fall into two groups based on the 
photochemical processes that lead to the production of radicals: (1) α-cleavage 
photoinitiators, and (2) hydrogen abstraction photoinitiators. 
(1). α-cleavage photoinitiators: involve a cleavage that takes place at C-C bonds 
such as benzoin ether (BME), hydroxy alkyl phenylacetophenones (HAP), phosphine 
oxide derivatives (TPO) and etc. Typical commercial photoinitiators are shown in Table 
A-2. 
The photoinitiation mechanism of this type photoinitiator can be expressed as 
follow: 
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Table A-2. Typical example of α-cleavage photoinitiators 
                          Structure                                   Commercial Name 
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Irgacure 651 is a specific examples: 
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(2). Hydrogen abstraction photoinitiators: Hydrogen abstraction photoinitiators 
generally consist of an initiator and a co-initiator. The co-initiator is generally an amine 
with an α-hydrogen and functions as the H donor. The initiator is typically based on 
benzophenones (BP), thioxanthones (TX), benzyls (B) and etc.  The initiation mechanism 
is expressed as follow:  
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The photoinitiation process of BP derivative is as follows: 
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Owing to the increased attention to environmental concerns and expected 
potential interest of working in completely aqueous or hydrophilic media, water-soluble 
and hydrophilic photoinitiators have been recently developed. These properties are 
conferred on a given backbone by introducing water solubilising groups: quaternary 
ammonium salts, sulfonates, thiosulfates, and phosphinate carboxylic acids or hydrophilic 
chain. Table A-3. lists some of the typical structure of water-soluble photoinitiators 
belonging to the series of benzophenones(BP)[35], thioxanthone(TX)[36], benzyl(BZ)[37], 
hydroxyl alkyl ketones(HAP)[38], and phenyl trimethyl benzoyl phosphinates(TPO)[39]. 
They showed similar excited-state reactivity to that of the parent compound and high 
efficiency for acrylamide photopolymerization. 
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Table A-3. Typical structure of photoinitiators exhibiting water solubility 
 
 
PROPOSED RESEARCH 
The objective of the proposed research is to investigate the use the UV 
photopolymerization in the direct synthesis of water-soluble polymers. Linear, high 
molecular weight water-soluble polymers (used as flocculent) and lightly crosslinked 
water-soluble polymers (used as superabsorbent) account for most part of the water-
soluble polymers and with ever-increasing demand because of their high performance 
and low cost. The current commercial manufacture methods have their associated 
disadvantages, which limit their use as discussed previously, the investigation of a clean, 
fast and cost effective process with good productivity of such water-soluble polymers is 
of great industrial value.  
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Photopolymerization has many features: low activation energy, rapid reaction 
rate, high monomer conversion, low/room temperature operation and no flammable, toxic 
solvent involved; in addition, it provide both spatial and temporal control. In this 
proposal, we attempt to use the photopolymerization to synthesize linear, high molecular 
weight water-soluble polymers and lightly crosslinked water-soluble polymers, which are 
used as flocculent and superabsorbent, respectively. 
In this proposal, acrylic acid and acrylamide were chosen as the main monomers, 
since both are sensitive to light themselves. Acrylamide is a very special monomer 
because of its high reactivity and low chain transfer to monomer, so it is relatively easy to 
synthesize into high molecular weight under proper conditions. Moreover, we can also 
introduce some other water-soluble monomers, like DMDAAC, HEMA, HEA, to prepare 
superabsorbent and a full spectrum of flocculent products (nonionic, anionic or cationic). 
One thing worth mentioning is that, although we choose acrylic acid and 
acrylamide as main monomers in the experiment, this method can be further adapted and 
applied to other water-soluble monomers depends on the availability and implemented in 
different formulations. No doubt, with the progress in the development of the light 
sources, new reactive monomers,  high efficient water-soluble photoinitiator systems, 
photopolymerization will help to develop and design the ever-better materials and 
accompany the market growth. It could open a new method in the production of some 
high-valued functional products. 
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EXPERIMENTAL 
Light source. In the photopolymerization, the photochemistry reaction can only 
happen when the photoinitiator molecules absorb photons from the light source and 
generate the excited triplet state molecules, In all cases, the rate of formation of the 
initiating radicals will be proportional to the intensity of the incident light. In the 
photopolymerization, the most commonly used light source is Hg lamp, according to the 
pressure of Hg vapor in the lamp, the UV lamps can be classified into: low pressure 
lamps (1.33-13.3 Pa), high pressure lamps (50.66-506.6 kPa) and super high pressure 
lamps (1.01MPa). The emission spectrums of these lamps are shown in Figure 4. As the 
main emission lines of the high pressure lamps are at 313.2nm and 365.0nm, where most 
of the photoinitiators have strong absorption, high pressure UV lamp will  be a good 
choice in the UV photopolymerization reaction. 
 
(a) Low pressure UV lamp 
   
(b) High pressure UV lamp 
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(c) Ultra high pressure UV lamp 
Figure A-4. Emission spectrum of UV lamps. 
 
Photoinitiators. Photoinitiators play a vital role in the photopolymerization. A 
suitable photoinitiator must exhibit a number of characteristics: an efficient production of 
initiating species from T1, high molar absorption coefficients, a well adapted spectral 
absorption range, non yellowing photolysis products and other practical qualities (e.g. 
shelf life stability, compatibility with monomers and oligomers and absence of odor and 
toxity). High quantum yield of the photoinitiator can be achieved by matching the 
absorption spectrum of the photoinitiator with the emission spectrum of the light source 
as closely as possible. In this proposal, a series of photoinitiators which have good 
absorption around the emission spectrum of high pressure UV lamp will be used. For the 
acrylic acid system, since acrylic acid is liquid under room temperature and is a polar 
solvent itself, we can use the oil-soluble photoinitiators such as Irgacure 651, Irgacure 
184, Irgacure 2959, Irgacure 819, Irgacure 1700, BP and ITX to initiate the 
photopolymerization. For the acrylamide system, as acrylamide is solid monomer, it must 
first dissolve in water before the photopolymerization, so water-soluble photoinitiators, 
such as Quantacure BTC, WB 4698 and TX derivative (STX, QTX) will be chosen. 
Considering the higher cost of the water-soluble photoinitiator, we will also consider 
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using the oil-soluble photoinitiators mentioned above by dissolving them first in a proper 
organic solvent, like AA/alcohol before adding to the aqueous monomer solution. 
Photoinitiatiator concentration and exposing time: In the photopolymerization, 
besides the kind of photoinitiators, the effects of photoinitiator concentration and 
exposing time on the characteristics of the final products will be investigated. 
Thickness of the monomer layers. As the photopolymerization is easy to control, it 
can be implemented in either batch process or continuous process. While in both cases, 
the thickness of the monomer layer (which is also the direction of the incident light) will 
determine directly the quality and productivity of the final products.  
Effect of oxygen. The major effects of oxygen in light-induced polymerization 
reaction include excited state quenching and radical scavenging. The first effect, 
however, can be disregarded, since in efficient photoinitiators, within a very short time 
scale, O2 quenching cannot compete. As a consequence, the O2 effect that has to be 
considered is the scavenging of initiating radicals which leads to the usual inhibition 
phenomenon of radical polymerization, this effect results in an induction period initially 
observed in the recorded photopolymerization profile. So in practical operation, the 
photopolymerization is normally proceed under N2 protection. 
Crosslinking agents. In order to synthesize the crosslinked water-soluble 
polymers with desired crosslinking ratio, multifunctional monomers, generally called 
crosslinking agents, are used. Although its concentration in the formulation is only 0.5 
mol% or less, the chemical and physical nature of the cross-linking agent plays an 
important role in determining the property profile of the manufactured superabsorbent 
polymers (SAP). Methylenebis(acrylamide) is most commonly used di-functional 
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crosslinking agent. Here we can also attempt to use the HEMA, HEA and glycerol as the 
comonomers during the polymerization, as all these monomers have –OH groups that can 
react with –COOH groups in AA through the esterification reaction to form network. 
Photopolymerization and processes. The photopolymerization initiated by 
Irgacure 651 can be expressed as follows: 
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For the synthesis of linear, nonionic and anionic water-soluble polymers: 
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For the synthesis of linear, cationic water-soluble polymers: 
CH2
CONH2
CHn CH3. CH3 CH2
CONH2
CH n
m
CH2 CHCH2
N
CH3
Cl
+ _
CH2 CHCH2 CH3
+
CH CH m
CH2
CH2
CH2 CH2
N
CH3
Cl
+ _
CH3  
262 
For the synthesis of lightly crosslinked superabsorbent:  
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 The flow charts of the photopolymerization of AM and AA are illustrated in 
Figure A-5 and Figure A-6, respectively 
Mix Exposure Dry Polymer
AM
H2O
Co-monomers
PI
Dissolve
Dissolve
UV-light
 
Figure A-5. photopolymerization process of AM 
 
Mix Exposure Dry Polymer
AA
NaOH
Co-monomers
  crosslinkers
PI
Neutralization
Dissolve
UV-light
 
Figure A-6. Photopolymerization process of AA 
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INSTRUMENTATION AND CHARACTERIZATIONS 
The reactivity of the photoinitiators will be investigated through by time resolved 
laser spectroscopies and steady state investigations.  
Spectroscopic methods, such as Fourier Transform Infrared (FTIR), Real-time 
Infrared (RTIR) and Nuclear Magnetic Resonance (NMR) spectroscopy, are used to 
monitoring the photopolymerization reaction. Typical reaction profile can be recorded by 
following the evolution of the double-bond content through classical IR spectroscopy as a 
function of the exposure time point by point or continuously by using a real-time infrared 
(RTIR) technique where the sample is simultaneously exposed to a light source by using 
an optical fiber and to the analyzing IR beam at a given wavenumber. 
The concentration of residual monomer in the final product is a measure of the 
completeness of the polymerization and has an impact on the quality of the product, 
especially in the application that requires portable grade polymers. The unreacted 
monomer can be extracted and quantified by means of iodometry or liquid 
chromatography. 
Gel Permeation Chromatography (GPC), light scattering, and viscometry are used 
to measure the molecular weight and molecular weight distribution. The structure of the 
polymers can be characterized by the combination of UV, IR, MS and NMR.  
For lightly crosslinked poly(acrylic acid)-co-poly(sodium acrylate), which is 
widely used as superabsorbent, tea-bag technique is applied to characterize the absorption 
capacity under free swelling conditions and , while the compressibility and resistance to 
deformation are done by measuring the absorption capacity of the polymers under 
compression while it swells.  
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Ph.D THESIS RESEARCH  
My Ph.D thesis research is concentrated mainly on developing organic-inorganic 
hybrid nanoporous materials through both nonionic surfactants and neutral nonsurfactants 
as the template under room temperature. The non-hydrolyzable organic moiety was 
incorporated into silica matrix by cocondensation of organic-substituted silanes, 
including  methyltrimethoxysilane, n-propyltrimethosxysilane, or phenyltrimethoxy-
silane, with tetramethyl orthosilicate through the acid-catalyzed sol-gel process. The 
application of thus organically modified nanoporous silica materials as the support for 
enzymes was demonstrated, in which horseradish peroxidase (HRP) and glucose oxidase 
(GOx) were simultaneously immobilized with good remaining activity and higher 
thermal stability than that of the free enzymes in solution. The correlation between the 
activities of the immobilized HRP/GOx with the structure of the silica matrix was 
characterized.  
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Appendix B Abbreviations 
 
 
TMOS  Tetramethyl Orthosilicate 
TEOS  Tetraethyl Orthosilicate 
MTMS Methyl Trimethoxysilane 
PTMS  n-propyl Trimethoxysilane 
PhTMS Phenyl Trimethoxysilane 
GPTMS (3-glycidoxypropyl)trimethoxysilane 
HIF Hybrid mesoporous silica materials synthesized from the co-condensation 
of TMOS and MTMS. 
 
HIIF Hybrid mesoporous silica materials synthesized from the co-condensation 
of TMOS and PTMS 
 
HIIIF Hybrid mesoporous silica materials synthesized from the co-condensation 
of TMOS and PhTMS. 
 
B78  Brij 78 (C18H37(OCH2CH2)20OH 
I890  Igepal CO-890 (4-(C9H19)C6H4(OCH2CH2)12OH 
PEO  Poly(ethylene oxide) 
PEG  Poly(ethylene glycol) 
M41S Mobile composite ordered mesoporous materials, which include 
MCM41(Hexagonal), MCM48(Cubic), and MCM50 (Lamellar) 
 
ACP  Alkaline Phosphatase 
ALP  Alkaline Phosphatase 
HRP  Horseradish Peroxidase 
269 
GOx  Glucose Oxidase 
OPAA  Organophosphorus Acid Anhydrolase 
ADH  Alcohol Dehydrogenase 
DFP  Diisopropyl Fluorophosphates 
NAD  β-Nicotineamide Adenine Dinucleotide 
4-AAP  4-aminoantipyrine 
OPs  Organophosphorus compounds 
BTP  Bis-Tris Propane 
IUPAC International Union of Pure and Applied Chemistry 
ASAP  Accelerated Surface Area and Porosimetry 
RMAC Rigid Matrix Artificial Chaperone 
BET  Brunauer-Emmett-Teller 
BJH  Barrett-Joyner-Halenda 
PSD  Pore Size Distribution 
TEM  Transmission Electron Microscopy 
TGA  Thermal Gravimetric Analysis 
NMR  Nuclear Magnetic Resonance 
IR  Infrared Spectrum 
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